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ABSTRACT 


Condensation heat transfer performance on a series of horizontal stainless- 
steel integral-fin tubes was experimentally studied at both atmospheric and vacuum 
pressure conditions to examine the effects of fin height on tubes of low thermal 
conductivity. Eight tubes with rectangular fin heights ranging from 0.16 to 1.42 
mm and a smooth tube were tested. The fin thickness and spacing and tube inside 
and root diameters were kept constant at 1.0, 1.5, 13.1, and 14.2 mm 
respectively. The overall heat transfer coefficient was determined from 
experimentation and the outside heat transfer coefficient was then determined using 
the modified Wilson plot technique. 

A fin height of approximately 0.30 mm provided the maximum heat transfer 
at both vacuum and atmospheric conditions. Heat transfer performance declined 
steadily for further increases in fin height. The experimental results were 
compared to the predictions of the Beatty and Katz and Briggs and Rose models. 
Neither model satisfactorily predicted performance for the full range of fin heights 


tested. 
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I. INTRODUCTION 
A. BACKGROUND 


The post-Cold War U.S. Navy has faced severe budgetary 
pressures with a consequent loss of shipbuilding and repair 
monies. Construction and operating costs are proportional to 
ship size. Any increase in equipment efficiency allows a 
reduction in component size and weight and lowers the overall 
cost. A majority of the steam propelled surface combatants 
with their large steam condensers have been replaced with the 
smaller, more efficient gas turbine powered vessels. 
Nevertheless, main engine condensers are still required on the 
older auxiliary ships, amphibious ships, and nuclear-powered 
vessels. Many condensers are also needed for the auxiliary 
equipment on all warships regardless of the method of 
propulsion. 

One of the methods to improve the efficiency of 
condensers is to add fins to the tubes. Fins increase the 
surface area exposed to the vapor and would normally be 
expected to enhance condensation. Ideally, finned condenser 
tubes would be made from materials with high thermal 
conductivity to obtain higher heat transfer rates. 
Unfortunately, the saltwater operating environment of 
shipboard condensers requires that a higher priority be placed 
on corrosion protection. Titanium is a suggested material 
choice for use in saltwater applications. It is relatively 
light, yet strong, and best of all, it is extremely resistant 
to corrosion in the marine environment. Its disadvantages are 
high cost and relatively low thermal conductivity [Ref. 1]. 
The use of fins could offset these disadvantages by increasing 
the heat transfer rate and allowing a more compact and 
inexpensive design. However, there is very little 
experimental data available on the performance of low 
conductivity finned tubes. Since titanium and stainless steel 








have similar thermal conductivities (14.3 and 18.9 W/m?-K 
respectively), experimental testing can be performed on 
Stainless steel tubes as these are less expensive. 

At the Naval Postgraduate School, Meyer [Ref. 2] explored 
the effects of fin height and tube thermal conductivity on the 
condensation of steam on integral rectangular finned tubes 
made from copper, aluminum, copper-nickel, and stainless steel 
for a range of fin heights from 0.5 to 1.5 mm. For the three 
higher thermal conductivity materials, increasing fin height 
was shown to enhance heat transfer as shown in Figure 1.1. 
The larger the thermal conductivity of the tube material, the 
larger was the rate of enhancement. These enhancements are 
greater than what would be expected from the increase in 
surface area from finning. Equally interesting, the lower 
conductivity stainless steel tubes showed an opposite trend. 
As fin height decreased, enhancement increased. Because the 
stainless steel enhancement curve must eventually decrease to 
one for a smooth tube, as the fin height continues to 
decrease, some optimum must exist at a fin height below that 
tested by Meyer [Ref. 2]. 

As a substitute for experimentation, many predictive 
theories are available to model condensation on finned tubes. 
They vary in complexity and assumptions and are suited for 
specific ranges of fluid properties and fin geometries. At 
present, no one model accurately accounts for all conditions. 
Models are important because they can provide numerical heat 
transfer data more quickly than costly experimentation. They 
are also suited for design optimization. Nevertheless, models 
Still require extensive experimentation to validate their 


accuracy. 








Enhancement 


Figure 1.1. 





Aluminum 





Fin Height (mm) 


Meyer’s [{Ref. 2] Experimental Results for 
Enhancement vs. Fin Height for Copper, 
Aluminum, Copper-Nickel, and Stainless Steel 
Integral Fin Tubes Obtained at Atmospheric 
Pressure Conditions 








OBJECTIVES 


The main objectives of this thesis are therefore to: 


1. Review the experimental procedures and data processing 
computer code of Meyer [Ref. 2] for validity. 


2. Retest Meyer’s stainless steel tubes and verify the 
trend of increasing enhancement for fin heights 
decreasing from 1.5 to 0.5 mm. 


3. Test a set of new stainless steel tubes with fin 
heights ranging from 0.2 to 1.5 mm and experimentally 
determine any optimum fin height and corresponding 
enhancement. 


4. Compare the experimental results with existing 
predictive models. 





II. LITERATURE SURVEY 


A. INTRODUCTION 


Surface condensation occurs when a vapor is cooled below 
its saturation temperature by contacting a cold surface. Two 
types of surface condensation can take place -- filmwise and 
dropwise. In filmwise condensation, the condensate "wets" the 
surface with a continuous film, whereas in dropwise 
condensation, the condensate does not "wet" the surface, but 
forms droplets of various sizes instead. The drops form in 
imperfections on the surface and are then removed from the 
surface by gravity and/or vapor shear forces. Dropwise 
condensation results in much higher heat transfer coefficients 
(typically by an order of magnitude) than filmwise 
condensation because a portion of the cooled metal surface is 
directly exposed to the vapor [Ref. 3]. From a design 
perspective, a film condensation analysis is preferred as it 


gives a more conservative indication of condenser performance. 
B. FILM CONDENSATION ON SMOOTH TUBES 


When vapor condenses on smooth horizontal tubes in a 
filmwise mode, the condensate flows down by gravity anda 
continuous film always exists around the tube. The latent 
heat released by the condensing vapor is eventually absorbed 
by the cooling liquid that flows through the tube. The 
condensate film resists this heat flow because of its low 
thermal conductivity. This thermal resistance increases as 
the film thickness increases. At the top of the tube, the 
condensate film thickness and thermal resistance are small. 
Due to gravity drainage, the film thickness and thermal 
resistance increases with increasing distance around the 
perimeter of the tube. 

Nusselt [Ref. 4] developed the foundation for the study 
of filmwise condensation on horizontal smooth tubes in 1916. 











His formulation was done for a "quiescent" vapor condensing on 
a single horizontal tube. Due to the increase in the 
thickness of condensate as gravity draws it around the sides 
of the tube, the local heat transfer coefficient decreases 
around the tube circumference. Nusselt’s theory for the 
average heat transfer coefficient around the tube accounts for 
the lower resistance at the top of the tube where the film 
thickness is minimum and the higher resistance at the bottom 
of the tube where the film thickness is maximum. The average 
outside heat transfer coefficient for the Nusselt theory is 








given by 
3 1/4 
h, = 0.728] Kee (Pe Pv) Beg (2.1) 
beDa (Tsar - Tyo) 
where h’gg is the modified latent heat of vaporization that 


accounts for advection effects [Ref. 3] 


fey = Neg (1+0.68Ja) = hygt+0.68C, (Tsar - Tyo) (2.2) 


and the fluid properties are evaluated at the film temperature 
(T-) given by 


Te = 


sat 


2 
eT ie Py 2.3 
: : ( ) 


C. FILM CONDENSATION ON FINNED TUBES 


When a horizontal finned tube comes in contact with a 
highly wetting condensate, surface tension drives the liquid 
from the fin tips and flanks to the fin root. This effect was 
first described in 1954 by Gregorig [Ref. 5]. For horizontal 
finned tubes, the liquid pressure at any point along the fin 


profile is given by 


6] 
p=p,+—. (2.4) 
I. 





At the top of a fin, the film has a convex appearance and the 


local pressure is greater than the vapor pressure due to a 
small radius of curvature. At the fin root, the film has a 
concave appearance, the radius of curvature is negative, and 
so the local liquid pressure is less than vapor pressure. The 
pressure difference between the fin tip and root causes the 
condensate to flow toward the fin root. As a result, the film 
thins near the fin tips and thickens near the root. The 
condensate from the fin tips and flanks flows into the 
interfin space. The film thickness in the interfin space 
increases along the circumference, and eventually, it 
completely fills the interfin space, so that the interfin is 
completely "flooded" with condensate. 

Referring to Figure 2.1, the flooding angle (¢,) is 
defined as the angle measured from the top of the tube toa 
point around the tube circumference where the condensate film 
between the fins just fills the entire interfin space. Along 
the bottom of the tube, the retained liquid extends past the 
fins. This portion of the flooded region is referred to as 
the drop-off zone and is estimated to be ten percent of the 
tube circumference [Ref. 7]. The flow of condensate between 
the fins depends on the ratio of the surface tension forces to 
the gravity forces since the former acts to retain the 
condensate between the fins while the latter acts to drain the 
condensate. Thus two competing mechanisms exist. Surface 
tension thins the condensate film along the fins in the 
"unflooded" region improving the heat transfer, but retards 
drainage, increasing the size of the "flooded" region, 
degrading the heat transfer. Yau et al. [Ref. 8] and 
Wanniarachchi et al. [Ref. 9] studied film condensation on 
finned tubes and observed that heat transfer enhancement was 
greater than what could be explained by increased surface area 
alone. This indicates that the beneficial effect of 
condensate thinning offsets the detrimental effect of 
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Figure 2.1. Schematic of Condensate Flooding Angle (¢,) 
on Finned Tubes (illustrated in gray). From 


Ref. [6]. 








Flooding. 
Condensation on a finned tube is a complex phenomenon 


involving many variables. These include condensate flow 
characteristics, surface tension and gravity forces, wall and 
fin conduction effects, condensate film thickness variations, 
and vapor velocities [Ref. 9]. The accuracy of any predictive 
model is dependent on how closely it can account for these 


effects. 
D. CONDENSATE RETENTION OR FLOODING ANGLE 


In 1946, the first measurements of condensate retention 
were reported by Katz et al. [Ref. 10]. These measurements 
were made under static conditions (i.e., no condensation 
taking place) using water, aniline, acetone, and carbon 
tetrachloride. Fin heights of 1.2 to 5.7 mm, and fin 
densities of 276 to 984 fins per meter were used. Since the 
vapor density is much smaller than the condensate density, it 
was neglected. It was shown that as much as 100 percent of 
the tube surface could be flooded with retained condensate, 
depending mainly on the ratio of surface tension to condensate 
density and on the fin spacing. Katz’s equation for the 


flooding angle is 
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This equation shows a direct relationship between an 
increasing surface tension to condensate density ratio and an 
increasing flooding angle. For constant fin height and fin 
spacing, an increasing root diameter leads to a decreasing 
flooding angle. 

In 1981, Rudy and Webb [Ref. 11] were the first to 
measure condensate flooding angles under both static and 
dynamic (condensation occurring) conditions and they concluded 
that the flooding angle did not differ significantly for the 








two cases. Honda et al. [Ref. 12] confirmed the conclusion of 
Rudy and Webb from a photographic study. Honda developed an 
expression for the flooding angle on rectangular fin tubes as 


40, 


—_=— - (2.6) 
p -gSD, 


$, = cos” 








It is valid for interfin spacing less than or equal to twice 
the fin height (s s 2H). This equation was also independently 
determined by Rudy and Webb [Ref. 13] and Owen [Ref. 14] and 
confirmed from experimentation. Rudy and Webb noted that it 
predicted the flooding angle within ten percent’ for 
condensation of R-11, n-pentane, and water on 19 mm fin 
diameter tubes of 748 to 1,378 fpm. For horizontal tubes with 
interfin spacing greater than twice the fin height (s > 2H), 
Honda et al. [Ref. 15] and Masuda and Rose ([Ref. 16] 
determined the flooding angle as 
sd a | (2.7) 


o, = cos *+}-——_——_——___ - 1 
p -gD,-(Ss*+4H*) 


E. PREDICTIVE MODELS 


Ls Beatty and Katz 

In 1948, Beatty and Katz [Ref. 17] developed a simple, 
analytical model to predict the average heat transfer 
coefficient for spiral integral fin tubes. They treated the 
interfin space of the tube as a horizontal smooth tube and the 
fin flanks as plain vertical surfaces. They combined 
Nusselt’s expressions for each to model a finned tube. They 
accounted for the conduction effects through the fin by 
including fin efficiency. To simplify the problem, they 
assumed that the condensate was only gravity-drained and that 
there was no effect of surface tension in thinning the 
condensate film or in retaining the condensate between fins. 


For rectangular fins, their equation reduces to 
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where the equivalent diameter of a finned tube (Dg,,) is 
expressed by 
1.3A A A 
7 ~ 7 ai i aca . “a7 ' kane 
Deg Agr rl Agree Aer eDr 
the mean effective fin height (L) is 
Zee 
oe (De a2 (2.10) 
4D, 


the effective surface area (A,--) is the sum of the effective 
surface areas of the fin and interfin space 


Aerr - NArint Ag, (2.11) 


the fin area (A,;,) is the sum of the flank area (A,) and tip 
area (A,) 


m(Dp-Dz) (2.12) 


Agi. = 2A eA. = 5 +mDet, 


fin 


and the horizontal tube area (A,) is 


As = TDS: (2.13) 


Ss 


This was the first analytical model to predict the 
condensing heat transfer coefficient on a horizontal finned 
tube. The experimentally determined leading coefficient 
(0.689) is only five percent less than the theoretically 
derived constant (0.728) of the Nusselt analysis for a smooth 
tube. Equation (4.8) shows that the heat transfer coefficient 
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decreases with increasing tube diameter. Since Beatty and 
Katz ignored surface tension, their model should perform more 
accurately for low surface tension fluids, such as 
refrigerants, and for tubes with low fin densities. Also, the 
model should perform better under higher pressures, and hence, 
higher saturation temperatures where surface tension is lower. 
In their experiments, Beatty and Katz only tested tubes with 
low fin densities and fluids with low surface tensions. 
Although the fins used by Beatty and Katz were spiral, their 
theory applies to rectangular-shaped annular fins as well. 

2s Soviet Models 

Between 1971 and 1977, Karkhu and Borovkov [Ref. 18] and 
Zozulya, et al. [Ref. 19] developed the first analysis which 
recognized the importance of surface tension on horizontal 
finned tubes. They demonstrated that surface tension forces 
could increase the condensation rate by 50 to 100 percent. 
They used Nusselt’s assumptions on the mechanisms of heat 
transfer through a liquid film on a smooth surface, the 
differential equation of condensate motion that assumed 
gravity driven, laminar flow of condensate from the fin to the 
interfin space, and appropriate boundary conditions to solve 
for the thickness of the condensate film in the interfin 
space. They used film thickness, fluid properties, and fin 
geometry to determine the flow rate of condensate (G) into the 
interfin space. The one-dimensional conduction equation for 
the fin was solved to determine fin temperature distribution. 
Finally, using numerical methods to solve the resulting 
differential equations, they found an expression for the 
average heat transfer coefficient such that 


h. = ee) (2.14) 


. Acond ( dias T,) 


where T, is the temperature at the base of the fin and A.ww4g 
is the effective condensation surface for a rectangular fin 
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and is given by 





A = (SEE oa, (2.15) 


They reported predictions within five percent of the 
experimental data for film condensation of steam and R-113 on 
brass and copper tubes with a fin spacing of 0.14 mm and 0.20 
mm, respectively. 

3. Rudy and Webb 

In 1981, Rudy and Webb [Ref. 11] reported that the Beatty 
and Katz model overpredicted the heat transfer coefficient 
with increasing error for fin densities greater than 1,024 fpm 
and for fluids with surface tension to condensate density 
ratios greater than 30 x 10°© N-m*/kg. They proposed a 
possible improvement by applying equation (2.8) to the 
unflooded region only, assuming that heat transfer in the 
Flooded portion was negligible. Because their equation was 
still based on a gravity-drained model and because it 
neglected any heat transfer through the flooded region, it 
underpredicted the average heat transfer coefficient of 
condensing R-11 by ten to fifty percent. They concluded that 
any experimental success that Beatty and Katz had was due to 
offsetting errors from the competing effects of surface 
tension. That is, the loss of heat transfer due to flooding 
cancelled out the gain in heat transfer from film thinning. 

In 1982, Webb et al. [Ref. 20] confirmed the conclusions 
of the 1981 study. Judging a gravity-drained model as 
insufficient, they developed a new model which included 
surface tension effects. They modified the original Nusselt 
equation for a vertical plate so that surface tension causes 
the condensate to drain from the fin tip to the base and 
gravity causes the condensate to flow in the interfin space. 
They assumed a linear liquid pressure variation over the fin. 
They were able to predict the experimental results obtained 
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from the condensation of R-12 on a plate with vertical fins to 
within ten percent. 

Later, Rudy and Webb [Ref. 21] expanded this model to 
predict the heat transfer coefficient for rectangular radial 
fins. The Nusselt equation for horizontal tubes was used for 


the tube area between fins where 


1/4 


kzp7ghe, 
BD, (T sae - Tyo) 
while the Nusselt equation for the fin surface was modified by 
replacing the body-force term (pg) by an equivalent expression 
based on surface tension force yielding 


(2.16) 





i, = 0.725) 
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h, = 0.943 
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They assumed no heat transfer through the flooded region. 
Their resulting weighted area expression for the total heat 
transfer coefficient is 


? $4 Sen + Retin, (2.18) 
A, 


Oo T A, bh 
where A, and A;,;, are defined previously and A, is equal to the 


fin diameter of one fin pitch, i.e. 


A, = ™D,(s+t). (2.19) 


This expression provided an accuracy of better than ten 
percent for condensation of R-11 on short, finely-spaced fins 
and was an improvement over Beatty and Katz. It overpredicted 
the heat transfer coefficient for other tubes by up to 25 
percent. They attributed this to gravity induced drainage 
becoming more important as fin height and spacing increased. 
They concluded that their linear pressure gradient model is 
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better than the Beatty and Katz gravity drainage model for 


predicting the heat transfer coefficients for fin densities 
greater than 1200 fpm and fin heights of less than 0.9 mm. 

Still later, Webb et al. [Ref. 22] modified the previous 
model to allow for heat transfer in the flooded region. They 
assumed surface tension drainage from the fin, discarded the 
assumption of a linear surface tension induced pressure 
gradient, and used an analysis of Adamek [Ref. 23] to 
determine the film thickness on the fins in the unflooded 
region. Gravity drainage from the interfin region was 
assumed. Nusselt’s equation for condensation on a smooth, 
horizontal tube was modified to account for the increase in 
film thickness due to drainage from the fins. The area 
weighted average heat transfer coefficient is then 


h, = $e( Ben, on Aen, o{a-S4)n, (2.20) 
n\ A, A, Tl 


where h, is the heat transfer coefficient in the flooded 
region. The model predicted the heat transfer coefficient for 
condensation of R-11 on tubes with fin pitch of 748 to 1,378 
within twenty percent. Heat transfer across the flooded 
region was shown to be minimal. 

4. Owen 

In 1983, Owen et al. [Ref. 14] also recognized the 
necessity of including the effects of condensate retention in 
heat transfer models. They demonstrated that the Rudy and 
Webb [Ref. 11] modification of Beatty and Katz that neglected 
heat transfer in the lower portion of the tube with retained 
condensate, underpredicted the heat transfer coefficient when 
a Significant amount of condensate was retained between the 
fins. They sought a model that permitted heat flow through 
the condensate retained region. Like Rudy and Webb, they 
extended the Beatty and Katz model to include the flooding 
angle. 
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They considered the flooded and unflooded regions with 
condensation occurring on both the retained condensate and the 
fin tips. In the unflooded region, the Beatty and Katz 
equation was used so the heat transfer coefficient is 


1/4 
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Useeieeded = 0.725 (2.21) 








In the flooded region where condensation occurs on the surface 
of the retained condensate and on the fin tips, the heat 


transfer coefficient is 


-1 

1 1 

Npicoded: = & “| (2.22) 
C 


Here, h, is the heat transfer coefficent arising from 


condensation on a plain tube of diameter D, = Dg given by 


1/4 
Hb Ds ( er Toe) 


h, = 0.725 (2.23) 








and h, is the heat transfer coefficient for the fin tips 
combined with the retained condensate region, 


be ae, (2.24) 


and the area averaged effective thermal conductivity over the 


fin height (kerr) is 





kore = (soz) (tht Ske) (2.25) 


The average heat transfer coefficient for the entire tube 
length having an effective area A,-- 1s thus an area average 
of the heat transfer coefficients for the upper and lower 


portions, or 
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Ne - —* Buntioodea* 1-—* D¢100ded* (2.26) 


Their model agreed within 30 percent of Beatty and Katz’s 
experimental data for R-11, R-12, R-22, water, acetone, methyl 
chloride, n-pentane, sulfur dioxide, propane, and n-butane. 
This was little improvement over the Beatty and Katz model. 
They assumed it would be more accurate in situations where an 
appreciable fraction of the tube was covered with retained 
condensate. Honda and Nozu [Ref. 12] later showed that this 
model overpredicts steam data by up to a factor of two. 

5s Honda 

Between 1984 and 1987, Honda [Refs. 15, 24] developed an 
analytical model for film condensation on horizontal, low 


integral-fin tubes. The model is extremely complex and 
required a numerical solution, but is the most comprehensive 
available. It includes the effects of variable condensate 


film thickness along the fin, fin efficiency, gravity versus 
surface tension forces, and variable temperature between the 
fin root and interfin space. The model assumes that the wall 
temperature is uniform, condensate flow is laminar, condensate 
film thickness is small, and the dominant flow on the fin is 
in the radial direction. The equation for condensate flooding 
angle is generalized to include all fin heights and spacings. 

The tube is divided into the flooded and unflooded 
regions and three cases are considered based on fin spacing 
and condensation rate. These are shown in Figure 2.2. These 
cases are used because it is expected that the depth of the 
condensate film in the interfin space would have a significant 
impact on the amount of heat transferred. The first case 
considers a small interfin spacing with a high condensation 
rate. The second considers a large interfin spacing with a 
low condensation rate where fin height is large relative to 
interfin spacing. The last considers a large interfin spacing 
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with a low condensation rate where fin height is small 
relative to interfin spacing. Along the fin, surface heat 
transfer is determined from the flooding condition, case type, 
and by whether the condensate flow is gravity or surface 
tension dominated. In the interfin space, heat transfer is 
determined for the three cases for an unflooded condition 
only. No heat transfer is considered for the flooded interfin 
space. Expressions for the Nusselt number representing the 
flooded and unflooded regions are found and summed to yield an 
average Nusselt number. Honda’s comparison of his model with 
available experimental data showed agreement to within 20 
percent for 11 fluids and 22 finned tubes. 

In 1992, Briggs, Wen, and Rose [Ref. 25] conducted a 
detailed review of the accuracy of various models to predict 
heat transfer for condensation on horizontal integral-finned 
tubes. The simple model of Beatty and Katz performed poorly 
because it did not account for surface tension effects. The 
Adamek and Webb model included an approximate surface tension 
effect and resulted in an improved enhancement prediction. 
The Honda model, which accounted for both the condensate 
flooding and the enhancing effect of surface tension drainage 
from the fins, was judged the most accurate for predicting 
heat transfer coefficients for steam condensation on 
horizontal integral finned tubes. Despite its accuracy, its 
complexity limits its use. 

6. Adamek and Webb 

In 1989, Adamek and Webb [Ref. 7] formulated a model that 
accounted for condensation on surfaces in the unflooded and 
flooded regions. It rivals Honda and Nozu in its complexity, 
yet is solvable without numerical methods. The model accounts 
for heat transfer on the fin tips, flanks, and interfin areas 
in the unflooded zone and on the fin tips in the flooded zone. 
It assumes no heat transfer in the other areas including the 
fin tips in the dropoff zone. Referring to Figure 2.3, the 
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Figure 2.3. Illustration of the Condensate Flow Pattern 
Assumed by Adamek and Webb. From Ref. [7]. 
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unit area of one fin pitch is divided into nine flow regions. 
Regions 0, 1’, and 2’ are labeled from the edge of the fin tip 
to its midpoint. Regions 1, 2, and 3 run down the fin flank 
to the root. Regions 4, 5, and 6 run from the fin root to the 
midpoint of the interfin area. If the condensation rates in 
the circumferential direction between each of the regions 
(m;;) can be determined, their sum would be the total 
condensation rate (M) for one-half the fin pitch. The heat 
transfer coefficient based on the area of one fin pitch is 
then calculated as 


Q 
Ah = (2.27) 
° Aarr ( : a Tg) 


where the heat transfer rate (Q) is 


O = 2Mheg- (2.28) 


Calculation of the individual regional flows is achieved by 
determining whether they are gravity or surface tension 
controlled and then calculating the respective film 
thicknesses in each region and radius of curvature of the film 
at the fin root based on this dominant force. 

This model was compared to the experimental results of 80 
copper tubes of varying geometries and condensing fluids. The 
fluids included water, methanol, n-pentane, R-11, R-12, R-22, 


and R-113. Fin spacing, height, and thickness varied from 
0.06 to 10 mm, 0.29 to 3.6 mm, and 0.06 to 1.0 mm 
respectively. The model predicted the heat transfer 


coefficient within 15 percent for 74 of the 80 tubes. 

1s Rose 

In 1987, Masuda and Rose [Ref. 16] developed a more 
complete accounting of the liquid retention on the fin flanks 
and interfin areas of the unflooded region. Figure 2.4 shows 
the profiles for static retention of liquid on a finned tube. 
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Column (b) refers to "long fin" geometries where fin height is 
relatively larger than the fin spacing. Column (c) refers to 
"short fin" geometries where fin height is relatively smaller 


than fin spacing. 
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Figure 2.4. Configuration of Retained Condensate Along 
Tube Circumference for Briggs and Rose Model. 
From Ref. [16]. 


In the unflooded region for both geometries, the retained 
liquid forms a small "wedge" between the flanks of the fins 
and the tube surface in the interfin space (b1) and (cl). 
Moving circumferentially around the tube, four flooding 
conditions are considered, corresponding to the profiles in 
illustrations (b2), (b3), (c2), and (c3) respectively. 
Considering long fin tubes (column (b)), moving from the top 
of the tube to the flooded region, the size of the liquid 
wedges increases until they meet at the midpoint of the 


interfin space. This corresponds to ¢@ = ¢¢,, where the 
interfin space is just filled by liquid, but the fin flanks 
are not wholly wetted. Continuing downward, the meniscus 


rises until it reaches the fin tips. Here, $ = ¢¢5, and the 
whole of the flank is just wetted and the liquid film at the 
center of the interfin space has finite thickness. Further 
movement around the tube will show an increase in the 
thickness of the liquid in the interfin space (b4). 
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For short fin tubes (column (c)), the wedges increase in 
Size until they contact the fin tips. This corresponds to ¢ 
= O¢3, where the fin flank is just completely wetted but the 
interfin space is not wholly wetted. Continuing along the 
tube, the wedges expand until they meet at the midpoint of the 
interfin space. At this point, ¢ = ¢¢,, and the whole of the 
interfin space is just wetted and the contact angle of the 
liquid at the fin tip is nonzero. Further movement around the 
tube will show an increase in the thickness of the liquid in 
the interfin space (c4). 

By considering the radius of curvature of the liquid 
profile, Masuda and Rose developed the following relations for 
flooding angle at each of the four positions 


40,  D, 


cos Fewer , (2.29) 
% “ GigsD,  D, 
46 
c0sé = 4 1, (2.30) 
£2 p -9SD, 
cos®,; = cd Aor (2.31) 
P -GHD, D, 
and 
160 
cos@,, = ee 2h 3 (2.32) 


p -g(s*+4H*) D- 


They recognized that heat transfer through the condensate 
film was minimal. Therefore, only heat transfer through the 
fin tips and through the thin film or "unblanked" areas of the 
fin flanks and interfin space in the unflooded region are 
considered. The following expression approximates’ the 
fraction of the fin flank "blanked" with a thick condensate 
film 


bs 
Z Jo 77 ~ 204 tan(o,/2) (2.33) 
DH PrODH be | 
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Similarly, the fraction of the interfin space blanked is 


b- 
= aie r Dab 2 40, tan (o,/2) (2.34) 
:  D,s Pp -gD,s ob; 


These equations for blanking are only valid for long 
rectangular section fins where (D,/Dz = 1) and H > s/2. For 
these fins, ¢;, = ¢¢> and so the flooding angle (¢,) is set 
equal to ¢¢5 which is the same as the Rudy and Webb equation 
(2:46): 

For rectangular fins the "active" area enhancement (é), 
defined as the combined areas of the fin tips and unblanked 
portions of the flank and interfin space in the unflooded 
region divided by the smooth tube area of D, = D,, 1is 

Dz -D; 


D,sh_(1-f,) +—>—b- (1 - f-) +HDet (2.35) 


a: RD, (S*t) 

Actual experimental heat transfer enhancements are much 
greater than € because the fin flanks behave as small vertical 
surfaces with significantly higher heat transfer coefficients 
than a horizontal smooth tube. Therefore, the second term in 
the above expression needs to be multiplied by a weighting 


coefficient (x,), where 





1 


: fan Dy (2.36) 
0.728)\H,) - 


and the mean vertical fin height (H,) is approximated by 


@ -H 
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In addition, surface tension thins the condensate film at 
locations where the liquid radius of curvature varies 
relatively rapidly. This occurs on the fin tip, flank, and 
interfin space. Therefore the entire numerator of equation 
(2.35) needs to be multiplied by a second weighting factor 
(k5) where x» would be proportional to surface tension. The 
weighted "active" area enhancement (,) is thus 





-—_—_— >-(1-f,) +TD-€ (2.38) 
TD,(S+t) 


With «x; = 2.2 and ky = to 1.5, fair prediction of enhancement 
was found for steam condensation on copper integral fin tubes 
of 1.59 mm fin height, 0.5 mm fin thickness, and interfin 
spacing of 0.5 to 4.0 mm. 

In later work, Rose [Refs. 26, 27] defined the heat 
transfer enhancement as the ratio of heat transfer 
coefficients of a finned tube based on a smooth tube area of 
fin root diameter (D,) to that of a smooth tube of outside 
diameter (D,) equal to the finned tube root diameter. Both 
heat transfer coefficients are evaluated at the same vapor 
Side temperature difference. In later work, Rose [Refs. 26, 
27] defined the heat transfer enhancement as the ratio of heat 
transfer coefficients of a finned tube based on a smooth tube 
area of fin root diameter (D,) to that of a smooth tube of 
outside diameter (D,) equal to the finned tube root diameter. 
Both heat transfer coefficients are evaluated at the same 
vapor side temperature difference. Equation (2.38) was 
modified by including the heat fluxes in each area component. 
Fach heat flux consisted of a gravity and surface tension 
term. The constants «, and xk, were replaced with the 
constants B,, Brin, Berank, and Bip, . Briggs and Rose [Ref. 
28], later incorporated fin efficiency into the model. The 
final form of the equation for enhancement is 
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where the heat transfer rates from the flooded tips, unflooded 


fin and interfin space, and smooth tube are 

















(2.40) 
Qricog = (%- De) DelOe ip, too! 
p?-p? 
Orin = b1D.tarip? (1-f,) . = Vrlank (2.41) 
Qint = $,(1-f£,) D,SQinte (2.42) 
and 
smooth = mTD,(S+ t) Dsmooth * (2.43) 
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and 


2 3 3 1/4 
_ prgk-h, AT (2.48) 
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The expression [{(¢-,) is needed to determine the mean 
condensate film thickness in the thin film interfin space and 


can be approximated by 


t(,) = 0. 874 +0. 001991 ,-0. 02642 2+ 


: ; (2.49) 
0 .00553h7-0. 0013634 


The constants B,, B and Brinn, were empirically 


int? Beip: 
determined by curve fitting condensation data on copper tubes 
from seven investigations, four different fluids, and fourty- 
one different fin geometries. The best fit was found by 
setting B, equal to 2.96 and the other B values set equal to 
0.143. The Briggs and Rose model gave a predictive accuracy 
of 15 to 25 percent when compared with experimental data. 
F. RESEARCH ON FILM CONDENSATION ON INTEGRAL FINNED TUBES 
AT THE NAVAL POSTGRADUATE SCHOOL 

Condensation on finned tubes has been studied at NPS 
Since 1984. The majority of the experimentation has been done 
with copper tubes. Flook [Ref. 29] in 1985 and Mitrou [Ref. 
30] in 1986 tested tubes of varying thermal conductivities. 
They showed that materials with high thermal conductivity 
exhibited greater enhancement than lower conductivity tubes. 
In 1993, Cobb [Ref. 6] studied the effects of varying thermal 
conductivity on steam condensation. He tested finned tubes of 
constant fin spacing and thickness manufactured from copper, 
aluminum, 90-10 copper-nickel, and stainless steel. He noted 
that tube conductivity had a significant effect on enhancement 
with the lowest conductivity tube (stainless steel) at larger 
fin heights yielding heat transfer coefficients less than a 
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smooth tube. He also compared his experimentally determined 
heat transfer coefficients with the Beatty and Katz [Ref. 17] 
and Rose [Ref. 26] models. He found that both theoretical 
models underpredicted enhancement for copper tubes under high 
heat flux conditions. For the other materials, as thermal 
conductivity decreased, Beatty and Katz overpredicted the 
results with increasing error while the Rose model closely 
predicted the results. 

Meyer [Ref. 2] continued the work of Cobb by comparing 
the experimentally determined heat transfer coefficients for 
steam condensation on tubes made of the four materials to the 
predictive models of Beatty and Katz [Ref. 17], Briggs and 
Rose [Ref. 28], Adamek and Webb [Ref. 7], and Honda [Ref. 15]. 
He judged the Rose model best, yet found that it consistently 
underpredicted the experimental results. The Beatty and Katz 
model consistently overpredicted experimental results 
especially for the lower temperature vacuum runs where surface 
tension was greater. The Adamek and Webb model followed the 
experimental trend, but overestimated the results. The Honda 
model performed erratically. Meyer noted that increasing fin 
height improved enhancement for all tube materials except 
stainless steel. The lower conductivity stainless steel tubes 
showed a decreasing trend in enhancement as fin height was 
increased from 0.5 mm to 1.5 mm. He attributed this to 
increased flooding of the tube and lower fin efficiency. 
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III. SYSTEM OVERVIEW 


A. EXPERIMENTAL APPARATUS 


The apparatus used for this research was originally 
constructed by Krohn in 1982 [Ref. 31]. Major modification to 
the condenser section was done by Swenson in 1991 [Ref. 32]. 
Since then, the apparatus was used successfully by O’Keefe 
[Ref. 33], Long [Ref. 34], Cobb [Ref. 6], and Meyer [Ref. 2] 
to test condensation on single horizontal tubes of various 
configurations. Fig 3.1 contains a general schematic of the 
overall system. 

Steam 1s generated in a Corning Pyrex glass cylindrical 
boiler of 0.3048 m diameter and 0.5 m height with a maximum 
working pressure of 72.6 kPa (10.5 psig). It contains ten 
vertically mounted 4 kW, 440 VAC Watlow stainless-steel 
immersion heaters connected in parallel. The heaters have a 
total resistance of 5.76 ohms throughout their range of 
operation. The boiler is mounted on a metal stand with four 
adjustable legs so that the system can be plumbed. The boiler 
is filled with water by gravity drain or vacuum drag from a 
distilled water tank through a fill/drain valve. Distilled 
water for the apparatus is made from tap water by a Barnstead 
Fi-streem 4 ltr/hr glass still. 

Steam from the boiler passes up through a cylindrical 
section of Pyrex glass with an inside diameter of 0.15 m and 
a length of 2.13 m. Two 90° Pyrex glass elbows redirect the 
steam back down a second Similar cylindrical section of 1.52 
minlength. All glass piping have a maximum working pressure 
of 103 kPa (15 psig). The piping is covered with Halstead 
insulating foam to minimize premature condensation. 

Steam then enters a stainless steel test section 
containing the horizontally mounted condenser tube. The test 
section is fitted with openings for Teflon and Nylon inserts 
that support the horizontal tube and provide a coolant flow 
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path. These inserts contain O-rings to seal the condenser 
from the ambient atmosphere and the coolant. The test section 
also contains a circular hole that accomodates a viewing port 
so that the condensation process can be observed. A smaller 
port in the test section allows connection of a pressure gage 
and thermocouple well. 

Steam not condensed in the test section passes into a 
final Pyrex glass cylinder containing an auxiliary condenser. 
The auxiliary condenser is constructed of a single copper coil 
mounted to a stainless steel base. It was installed in 1991 
and replaced the previous double coil condenser. The 
auxiliary condenser section collects all the condensate and 
returns it to the boiler through a gravity drain in the 
baseplate. Two stainless steel side plates are mounted to the 
glass cylinder with penetrations for a pressure bleed valve, 
a vacuum line, and a pressure transducer. The auxiliary 
condenser cooling water is supplied directly from the building 
water main and passes through a pressure regulator that 
eliminates most pressure fluctuations. Saturation temperature 
in the apparatus is controlled by adjusting a throttle valve 
in the auxiliary condenser coolant flow line. Water exiting 
the condenser is discharged to the building drain. 

Cooling water for the test section originates in a 
Stainless steel sump tank. Tap water flows into the sump and 
an overflow maintains a constant water height. Two 
centrifugal pumps connected in series draw suction from the 
sump. A throttling valve and calibrated rotameter on the 
discharge side of the pumps allow control of the cooling water 
Flow. After flowing through the test tube, cooling water 
flows into a nylon mixing chamber so that the average coolant 
temperature can be accurately measured. In the mixing 
chamber, water is channeled through a center hole, then flows 
radially outward and through a set of four holes, and then 
flows inward and exits through another center hole. Coolant 
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then returns to the sump where it mixes with the incoming cold 
tap water before recyling to the test section. Thermocouple 
wells and quartz thermometer probe connections are installed 
on the coolant lines prior to the test section and following 
the mixing chamber. Details of the test section are shown in 
Figure 3.2. 

Noncondensible gases are removed through a vacuum system 
shown in Figure 3.3. Vapors are removed at a suction port at 
the base of the auxiliary condenser section. The vapors then 
pass through an internal condensing coil located in the 
cooling sump where any steam is condensed and collected ina 
plexiglass vacuum chamber. The noncondensibles are passed 
through a vacuum pump and expelled to the atmosphere. The 
Gast model 2567-V108 vacuum pump was installed in 1991 and 
replaced a compressed air actuated air ejector. The pump can 
draw a vacuum of 130 mm Hg. A check valve is installed to 
prevent back flow when the pump is stopped. An IMC Magnetics 
model 12 electric fan cools the vacuum pump. 

Cast iron flanges with Buna-N rubber gaskets join the 
boiler, glass piping, and condenser sections and are secured 
with fasteners tightened in a star pattern to 60 in-lbs 
maximum torque. The apparatus was leak tested by placing it 
under an initial vacuum of 4.96 kPa absolute (0.72 psia). 
After 18 days, the system pressure was 12.81 kPa (1.86 psia) 
giving a mean leak rate of 0.434 kPa (0.063 psi) per day. 


B. SYSTEM POWER AND INSTRUMENTATION 


Power for the boiler heaters is controlled by a Halmar 
system located in the laboratory switchboard. A schematic of 
the system is shown in Figure 3.4. Four-hundred-forty VAC 
line voltage is reduced by a factor of 100 in a differential 
input precision voltage attenuator. The stepped-down voltage 
is then passed through a True-Root-Mean-Square (TRMS) 
converter in which the integration period is reduced to about 
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Figure 3.2. 
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Figure 3.4. 
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100 ms. The output of the TRMS converter is then buffered and 
compared to a reference voltage from a panel-mounted 
potentiometer. The comparator output is fed to the control 
input of a Halmar silicon-controlled rectifier power supply 
that applies the actual voltage to the heaters. The TRMS 
converter output is also paralleled through a filter and then 
inputted to the data acquisition system for voltage and 
current measurement [Ref. 35]. An AC voltmeter and ammeter 
are mounted on the switchboard for visual reference only. 

Saturated steam temperature in the test condenser is 
measured by two type-T copper/constantan thermocouples 
positioned in a well whose tip is located in the steam flow 
between the test tube and condenser shell. Ambient 
temperature is measured with a type-T copper/constantan 
thermocouple located in the proximity of the apparatus. The 
inlet and outlet test tube coolant temperatures are measured 
with an HP-2804A quartz crystal thermometer. Two 
copper/constantan thermocouples fitted into wells also provide 
a crude check of the quartz thermometer measurements. 

Test condenser pressure is monitored by both a Heise 0- 
103 kPa (0-15 psia) pressure gage and a Setra model 204 
pressure transducer. These were installed in 1992 and 
replaced a mercury manometer that was attached to the 
apparatus. Both devices measure gage pressure relative to 
atmospheric and require a local atmospheric pressure value to 
convert from gage to absolute pressure [Ref. 36]. It was 
discovered that the pressure transducer had previously been 
operated incorrectly. Meyer and previous researchers compared 
the transducer pressure to a constant 14.78 psi atmospheric 
pressure in all experimental trials. Because they calculated 
the mass fraction of noncondensibles gases in the apparatus 
from the pressure transducer, this constant value of 
atmospheric pressure would have given them false and 
inconsistent noncondensible fractions for different 
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experiments. Its effect on their judgement of experimental 
validity is unknown. Measurements of experimental pressure 
for this thesis were determined by the transducer output 
relative to atmospheric pressure measured from a mercury 
barometer located in the adjacent calibration laboratory. 

Coolant flow is measured by a Fischer and Porter model 
FP-1-35-G-10/83 rotameter installed on the discharge side of 
the coolant pumps. Complete operating instructions for the 
experimental apparatus are contained in Appendix A. 

Because the last instrument calibration was reported by 
Swenson in 1992 [Ref. 32], all thermocouples, the quartz 
thermometer, the rotameter, and the Halmar power supply 
voltage output were recalibrated. The calibration procedure 
and voltage correlations are discussed in Appendix B. The 
pressure transducer and Heise gage were not calibrated due to 
lack of campus facilities. A comparison of the last and 
current calibration correlations showed agreement within 
0.25°C for the thermocouples, 0.025°C for the quartz 
thermometers, and 1 percent for the rotameter in the 
experimental ranges. These close comparisons indicate that 
the lack of recent instrument calibration for Meyer’s 
experiments should not have affected his results. 


C. DATA ACQUISITION 


An HP-3497A data acquisition system and the quartz 
thermometer unit are linked to a HP-9826 computer and Think- 
Jet printer. HP-BASIC program DRPALL contained in Appendix C 
is used to read, store, and process the experimental data. 
The data acquisition subroutine prompts for the tube and fin 
dimensions, tube material, and pressure condition for each 
experimental trial. For each data point, coolant flow from 
the rotameter and the gage pressure are manually entered. The 
data acquisition system remotely reads the system voltage, the 


pressure transducer voltage, the coolant inlet and outlet 
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temperatures from the quartz thermometers, and the coolant, 
steam, and ambient thermocouple voltages. Five readings of 
the transducer, quartz thermometers, and thermocouples are 
taken over approximately fourty-five seconds and then averaged 
to minimize the error due to system fluctuations. 

For each data point, the steam temperature, coolant 
temperature rise, system voltage, and noncondensible gas mass 
fraction are reported for visual inspection. When these 
values lie within the proper range and the coolant temperature 
rise for two consecutive data readings lies within 0.01°C at 
the same flow rate, the most recent pressure, voltage, flow, 
and steam, ambient, and coolant temperatures are stored in a 
file for future analysis. A complete experimental trial 
consists of 14 data points. Data points are taken at ten 
percent rotameter increments from 80 to 20 percent flow. To 
assure their validity, data points are then taken in reverse 


order from 20 to 80 percent flow. 
D. CONDENSER TUBES 


1. Description 

The apparatus is designed for condenser tubes 228.6 mm (9 
in) long. The inlet and outlet shoulders that fit within the 
inserts are 60.325 mm (2-3/8 in) and 34.925 mm (1-3/8 in) long 
respectively, leaving an active condensation length of 133.35 
mm (5-1/4 in). The tube O.D. at the ends is machined to a 
standard pipe size of 15.88 mm (5/8 in). Tube inside and root 
diameters vary dependent on the source of supply and 
fabricator. Fin spacing of 1.5 mm and fin thickness of 1.0 mm 
were selected as these were previously determined to be 
optimum values for steam condensation enhancement on copper 
tubes [Refs. 8, 9, and 37]. 

Discrepencies were found in the reported dimensions of 
the tubes tested by Meyer. Multiple measurements of fin 
dimensions, root diameter, and inside diameter were taken with 
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a digital caliper. Significant taper from one end of the tube 
to the other was noted of up to 0.07 mm in fin height, up to 
0.21 mm in root diameter, and up to 0.20 mm in inside 
diameter. The degree of taper was linear along the tube 
length and was probably due to the machining process. If the 
average dimensions were used in experimental data reduction, 
it is unlikely that this taper would have significantly 
affected the results. However, a comparison of these averaged 
measured values and the dimensional values reported by Meyer 
show disagreement of up to 0.15 mm in fin height, up to 0.15 
mm in root diameter, and up to 0.32 mm in inside diameter. 
The inside and root diameters are used in calculating the heat 
transfer coefficients and enhancement. These differences 
could have affected his results. Table 3.1 shows the correct 
dimensions of Meyer’s tubes. 

Fabrication of the new set of stainless steel tubes was 
accomplished by the NPS machine shop on a numerical lathe with 
a common ASTM 304 stainless steel tube stock. This assured 
dimensional consistency and taper of less then 0.04 mm for fin 
dimensions and less than 0.12 mm for diameters in each tube. 
Comparisons among tubes showed a range of less than 0.01 mm in 
fin width and spacing, less than 0.13 mm in inside diameter, 
and less than 0.19 mm in root diameter. Therefore, the only 
Significant dimensional variable among tubes was fin height. 
The fin geometries, diameters, and materials of the new tubes 
tested are summarized in Table 3.2. 

2. Surface Treatment of Condenser Tubes 

To ensure complete film condensation on the test tubes, 
special surface treatment was performed before testing. 
Swenson [Ref. 32] and O’Keefe [Ref. 33] both noted that 
dropwise condensation was difficult to prevent, particularly 
on copper tubes. A caustic soda treatment originally proposed 
by Georgiadis [Ref. 38] was used by Meyer [Ref. 2] to oxidize 
the tube surface and gain filmwise condensation on his copper, 
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Fin 
Spacing 


[Fined | 2.0 | 2.5 | 0.60 | 22.69 | 23.0 | srs 


Table 3.1. Actual Dimensions of Meyer’s [Ref. 2] Stainless 
Steel Tubes 
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Spacing | Height se 2 Diameter 
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[smooth | -- | == | =~ | a3.22 | 24.20 | 304 sts 


Table 3.2. New Stainless Steel Tubes Tested 
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copper-nickel, aluminum, and stainless steel tubes. The 


procedure is: 


1. Thoroughly scrub new tubes inside and out with a soft 
bristle brush using water and a mild detergent to 
remove dirt and oil. 


2. Soak tubes for one hour in acetone to remove remaining 
oil. Thoroughly rinse with distilled water. 


3. Wearing protective goggles and gloves, mix a solution 
of equal parts by volume of ethyl alcohol and sodium 
hydroxide (caustic soda). Do not use any previously 
mixed solution because the caustic soda absorbs carbon 
dioxide from the air limiting its effectiveness. Heat 
the solution ina hot water bath until it achieves the 
consistency of thin paste. Thin with added alcohol if 
necessary. 


4. Place the cleaned tube in a steam bath. Apply the 
caustic soda solution with a brush over the active 
area of the tube. Rotate the tube while applying to 
ensure the entire tube surface is treated. Apply the 
solution at ten minute intervals for one hour. Note: 
For aluminum tubes only, discontinue = solution 
treatment once a continuous oxide layer forms on the 
tube surface. Additional treatment could reduce the 
tube dimensions from excess corrosion. 


5. At the end of the treatment procedure, rinse the tube 
with acetone and then distilled water. Examine the 
surface film for continuity. If an unbroken film does 


not exist, repeat Step 4. Do not touch the active 
area of the tube once the desired film condition is 
achieved. 


Although Georgiadis cited no reference for this 
procedure, a similar treatment was found for preparing 
stainless steel for electroplating [Ref. 39]. The metal is 
soaked ina five percent by weight solution of caustic soda 
while a seven to twelve volt potential is applied between the 
solution and metal. The process is discontinued once water 
forms an unbroken film on the metal. 

During retesting of Meyer’s stainless steel tubes, 
Georgiadis’ tube treatment procedure proved inadequate. 
Despite repeated caustic soda treatment of the tubes, dropwise 
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condensation could not be prevented. Direct immersion of the 
tubes in a ten percent (by volume) solution of caustic soda at 
80°C was also ineffective. Several copper and copper-nickel 
tubes were also treated and retested with the same poor 
results. After several months of repeated dropwise trials, an 
acid treatment procedure was tried as an alternative [Ref. 
40]. Stainless steel tubes were soaked in a solution of 225 
ml nitric acid (70% molar), 75 ml hydrochloric acid (37% 
molar), and 1,200 ml distilled water at 58°C for 15 minutes. 
Afterwards, they were soaked for 15 minutes in a solution of 
225 ml nitric acid and 1,275 ml water at 65°C. When this 
procedure was used on Meyer’s stainless steel tubes that had 
been previously treated with caustic soda, a white marbled 
finish formed on the tubes. No measurable change in tube 
dimensions was observed. This finish proved effective at 
maintaining film condensation during retest of Meyer’s 
Stainless steel tubes. No retest of Meyer’s copper or copper- 
nickel tubes was possible. The acid treatments referenced for 
treatment of these metals [Ref. 40] severely damaged the 
tubes, decreasing the fin and tube dimensions, rounding the 
rectangular fin profiles, and in some cases, completely 
eroding the interfin space. 

When the acid treatment was used on the new set of 
Stainless steel tubes that had no prior caustic. soda 
treatment, no white finish formed and film condensation could 
not be maintained during experimentation. Therefore, the 
combination Georgiadis’ caustic treatment followed by the acid 
treatment was used. This combination was used successfully 
for testing most of the new stainless steel tubes although 
repeated treatments were often necessary. The combination 
solution treatment was ineffective for testing the smooth and 
0.16 mm fin height tubes. 

For these two tubes, another approach was sought to 
oxidize the surface. The tubes were heated with an 
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oxyacetylene torch and then air cooled to obtain a brown oxide 
layer on the tube surface. This proved an effective and much 
simpler method for promoting film condensation. No measurable 
change in tube or fin dimensions was noted after heat 
treatment. Therefore, the layer must be extremely thin and 
should not affect the tube thermal conductivity [Ref. 41]. 
Two of the tubes that were tested successfully after the 
combination solution treatment were subsequently heat treated 
and retested. These tests yielded similar experimental 
results demonstrating that the brown oxide layer formed from 
heat treatment did not significantly effect the thermal 
characteristics of the tube. 

3. Use of Tube Inserts 

Previous NPS researchers used twisted tape, wire-wrap, 
and the Cal Gavin HEATEX inserts within tubes. These inserts 
Significantly increase the overall heat transfer rates at the 
expense of an increase in the pressure drop through the tube. 
Inserts are used in experimental applications to realize a 
larger temperature rise in the coolant flow and decrease the 
uncertainty of heat transfer calculations. Early 
investigations had shown that without the use of inserts, the 
coolant side thermal resistance could be as much as 50 to 60 
percent of the overall thermal resistance [Ref. 37]. A small 
discrepancy in the coolant side thermal resistance could 
therefore translate into a substantially larger discrepancy in 
the overall heat-transfer coefficient. An insert enhances the 
coolant side heat transfer coefficient thereby improving the 
accuracy of the experimentally determined overall heat 
transfer coefficient. It also reduces circumferential wall 
temperature variation and thermal entrance effects by inducing 
quicker turbulent boundary-layer growth. 

The favored insert for the most recent NPS investigations 
was the HEATEX insert. It is a wire mesh insert that disturbs 
the laminar boundary layer at the tube wall [Ref. 42]. 
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O'Keefe [Ref. 33] found that the HEATEX insert gave a twenty 
percent increase in the overall heat transfer coefficient 
compared to the data from tubes without an insert. Swenson 
[Ref. 32] compared the inside heat transfer coefficients for 
HEATEX and wire wrap inserts to data runs with no insert. He 
reported that the inside heat transfer coefficient doubled 


when an insert was used in place of a smooth tube. 
E. MODIFICATIONS TO APPARATUS 


Minor changes were made to the experimental apparatus. 
The sight glass on the test condenser was modified. A 
Phenolic spacer and a plastic outer pane were attached over 
the inner glass pane. Holes were drilled into the side of the 
Phenolic spacer so that air from a heat gun could be blown to 
defog the inner glass. The gate-type throttle valve between 
the cooling water pumps and rotameter was replaced with a 
globe valve. This allowed more steady control of cooling 
water flow to the test tube. The auxiliary condenser 
regulator outlet valve position was also reversed so that the 
arrow on the valve body coincided with the direction of 
coolant flow. 

It was observed that the Teflon spacer that supported the 
inlet end of the test tube did not protrude completely to the 
beginning of the finned area. Approximately 4 mm of the 
smooth tube shoulder was exposed. Experiments conducted with 
this condition would overstate the experimentally determined 
outside heat transfer coefficient because additional outside 
area was exposed to condensation. This original spacer was 
used for retesting Meyer’s tubes so that the experimental 
conditions would be duplicated. A correctly sized spacer was 
installed for testing the new set of tubes. 
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IV. DETERMINATION OF HEAT TRANSFER COEFFICIENTS 
A. DATA REDUCTION 


The total heat transfer rate (Q) across the test tube is 
calculated directly from the coolant mass flow rate (m) and 
the coolant temperature rise through the tube as 


O = MCD ie ty) (4.1) 


where 4 i 


temperatures and C, is the specific heat. The total heat 


and T),,- are the coolant inlet and outlet 


transfer rate can also be expressed in terms of the overall 
heat transfer coefficient (U,), the effective outside 
condensing area (A,), and the log-mean-temperature-difference 
(LMTD) as 


O = U,A,(LMTD) (4.2) 
where 
LMTD = ——out Tin 
in| a (4.3) 
Daat ~ Tout 


Substituting equation (4.1) into equation (4.2) yields an 


expression for direct calculation of U from the 


Oo 
experimentally obtained heat flux (q") and LMTD, 
MG Ae ie Lia) gl 


a ee ee 


A, (LMTD) LMTD ° ca 


The overall heat transfer coefficient is related to the 
overall thermal resistance from steam to the coolant by 


i. 
UA 


Reotal ze R, +R, +R, = 





(4.5) 


where the inside coolant, outside vapor, and wall resistances 
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are given respectively by 





Sy 
R, ~~ (4.6) 
_ 1 
as (4.7) 
and _ in(D,/D,) (4.8) 
w 2uLk, — 


Substituting equations (4.6) and (4.7) into equation (4.5) 


gives 


1 1 1 


” hay” BA, 
Oo 


me <5 (4.9) 





The effective outside condensing area of the tube (A,) is 


calculated as 


A. =D: (4.10) 


For computing the inside effective area, two different 
conditions need to be considered. Over the inside heat 
transfer surface, radial heat transfer from steam to coolant 
takes place over the "active" tube length (L) where steam 
condenses on the outer surface. Beyond the "active" length on 
either side, the tube ends are insulated on their exterior by 
the Teflon inserts. Nevertheless, axial heat transfer takes 
place along the inlet (L,) and outlet (L5) lengths. To 
account for this axial "fin" effect, an extended longitudinal 
fin approximation and associated fin efficiencies are used to 


compute the inside area as 


A, = 0D, (L+L,n,+L,n,) . (4.11) 


mf 
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The fin efficiencies (yn, and y5) for the inlet and outlet 
lengths are given by 


_ tanh(M,L,) 


= 4.12 
Na ML, ( ) 


and 
tanh (ML 

Me (4.13) 

2 2 


m= | BaP (4.14) 
; KA; 


Nite, eee (4.15) 


where 


and 





The fin perimeters (P, and P,) and the cross-sectional areas 
(A, and A,) for tube ends of equal diameters are given by 


P, = P, = XD; (4.16) 
and a 
A,=A,= 7 (D4 =D) 2 (4.17) 
With A,, A,;, R,, and U, all known, the only unknown 


quantities in equation (4.9) are the outside (h,) and inside 
(h;) heat transfer coefficients. 

The most accurate way to obtain inside and outside heat 
transfer coefficients is to directly measure the vapor 
temperature, mean inside and outside wall temperatures, and 
the coolant temperature. However, the measurement of tube 
wall temperatures requires the use of an instrumented tube 
with thermocouples embedded in the wall. The fabrication of 
such tubes is expensive and time consuming. It is especially 
impractical if a large number of tubes are to be tested. 
Moreover, the extremely delicate thermocouples are easily 
damaged. The modified Wilson plot technique provides a 
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simpler alternative to solve for both the outside and inside 


heat transfer coefficients simultaneously. 
B. MODIFIED WILSON PLOT TECHNIQUE 


In 1915, Wilson [Ref. 43] developed a method for 
indirectly determining the inside and outside thermal 
resistance from an overall resistance. Wilson’s original 
method required a constant heat flux to the system in order to 
obtain h; and h,. Since the cooling water velocity is varied 
during the experiments in this study, it is difficult to 
maintain a constant heat flux without varying boiler power and 


steam velocity. Briggs and Young [Ref. 44] proposed a 
modified Wilson technique to accomodate varying flow rates and 
temperatures. Their modification also provided separate 


techniques for boiling, condensation, and no-phase-change 
conditions. 

The method, however, still requires that h; and h, be 
expressed in terms of the physical, flow, and thermal 
properties of the coolant and condensate. The inside and 
outside heat transfer coefficients can be expressed as the 
product of a leading coefficient (C; and C,) and a parameter 
(Q and Z) which is a function of the thermophysical properties 
and flow variables, as discussed in the next two sections, to 


get 
ans h, = C.Z. (4.19) 


Substituting equations (4.18) and (4.19) into equation (4.9) 
yields 


ee eee ee ee (4.20) 
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Rearranging gives 





a mxX+b (4.21) 
where 
Y = F. -RAQ}é: (4.22) 
U, 
AZ 
z 4.23 
X zo ( ) 
ome 
m C," (4.24) 
and 1 
b=, : 
C. (4.25) 


A least-squares fit of equation (4.21) with respect to X 
and Y gives the slope and intercept which are the reciprocals 
of C; and c. respectively. The accuracy of the modified 
Wilson plot technique is dependent on the number and spread of 
X-Y data points. With C; and C, now known, Hh; and h, for any 
data point follow from equations (4.18) and (4.19), and the 
temperature drop across the condensate film (AT;;,,) simply 
becomes 


q!" 
A. 
Cy OUTSIDE HEAT TRANSFER CORRELATIONS 


The first work on the study of filmwise condensation on 
horizontal smooth tubes was carried out by Nusselt [Ref. 4], 
as discussed in detail in Chapter 2. The average outside heat 
transfer coefficient for the Nusselt theory is given by 


1/4 
Kg e(Pr-Pv) Beg) (4.27) 


h, = 0.728 
PD, ( Dsat ~ a 





The Nusselt theory has been extensively studied, and with 
the imposed assumptions, it has been found to be generally 
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valid [Refs. 45, 46]. It has also been found to be quite 
accurate for cases which do not conform to Nusselt’s original 
assumptions, such as variable wall temperature [Ref. 47]. 
One of the major problems encountered in applying 
Nusselt’s theory in the design of condensers arises from his 
assumption of a quiescent vapor. While in theory, and in some 
limited practical applications, the assumption of a stationary 
vapor can be justified, most steam condensers operate under 
conditions where the vapor is traveling at some sizable 
velocity. The downward flowing vapor introduces condensate 
thinning by vapor shear, which significantly increases the 
outside heat transfer coefficient beyond that predicted by 
Nusselt. Shekriladze and Gomelauri [Ref. 48] were the first 
to conduct a theoretical analysis to account for vapor shear. 
They assumed that the primary contribution to the surface 
shear stress was due to the change in momentum across the 
liquid-vapor interface. They approximated the mean Nusselt 
number (dimensionless mean heat transfer coefficient) as 





Nu_ - 0.64/1 + (1+1.69F) 1/2]}/2 (4.28) 
Re, 


: 


where the dimensionless parameter (F) is the ratio of the 
gravity force to the shear force, 


D 
F = Db Deg (4.29) 
Uk: ere ee 


wo 


and Ré24 is the two phase Reynolds number given by 


a, (4.30) 


ke = 
2 U, 


At large values of F, where gravitational forces 


dominate, the Shekriladze and Gomelauri equation (4.28) 
reduces to Nusselt’s equation (4.27). At low values of F, the 
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Shekriladze and Gomelauri correlation predicts significantly 
larger values of h, than Nusselt due to the vapor shear 
thinning of the condensate film. Lee and Rose [Ref. 49] 
compared several vapor shear models with experimental results 
and found that the Shekriladze and Gomelauri results were more 
conservative than the more rigorous developments performed by 
other researchers due to their simplified approximation for 
the interfacial shear stress. 

Fujii et al. [Ref. 50] developed an empirical formulation 
for the condensation of steam on a horizontal tube which 
included the vapor velocity effects. The Nusselt number for 


their model is given by 


Nu 


—"“_ = 9,96F5, (4.31) 
Re,,)/ é 


where F and Réj, are defined in equations (4.29) and (4.30). 
For situations where the surface shear forces dominate, 
Fujii’s correlation more accurately predicts the vapor side 
heat transfer coefficient for steam. 

At NPS, Long [Ref. 34] processed his experimental data 
for steam velocities less than 2 m/s using both the Nusselt 
and Fujii correlations along with the modified Wilson plot 
technique. He found almost equal values of h,, presumably due 
to the small amount of interfacial shear associated with these 
low velocities. Subsequent researchers at NPS have used 
Nusselt’s outside correlation exclusively to avoid the 
necessity of calculating an accurate steam velocity. The 
leading coefficient in Nusselt’s correlation is incorporated 
into C, so that 
krgp reg a 


aE (4.32) 
H -D, ( Deat~ ay 


ZS 
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An iterative technique is used to find the film temperature 
(T-) for evaluation of the properties and is described in 
Appendix C. The term on the right accounts for drainage from 
the tube as a function of the ratio of gravity to viscous 
forces. Heat transfer is a therefore a function of the 
drainage, thermophysical properties, temperature difference 
between steam and tube, and root diameter. Other factors that 
contribute to heat transfer such as area enhancement from 
finning, surface tension forces, and vapor shear are 


incorporated into the leading coefficient. 
D. INSIDE HEAT TRANSFER CORRELATIONS 


Several correlations are available for heat transfer 
within a smooth pipe with turbulent flow (Re > 10,000). A 
majority of the correlations are presented in the form 


Nu = C,Re™Pr® (4.33) 


which has been used for several well-known correlations 
including those developed by Dittus and Boelter [Ref. 51] 


Nu = 0.023Re°:*pr®:4 (4.34) 


and Colburn [Ref. 52] 


Nu = 0.023Re4/2Pri/3, (4.35) 


A correction factor for equation (4.35) was developed by 
Sieder and Tate [Ref. 53] as 


0.14 
Nu = 0. o27Ret/spr*/ Ee] ; (4.36) 
W 


to compensate for the variation in the coolant viscosity when 
large temperature differences exist between the bulk coolant 
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and the inner tube wall temperatures. With the exception of 
Ly, all coolant properties for equations (4.34), (4.35), and 
(4.36) are evaluated at the mean coolant bulk temperature (T,) 


_ iT, +T, 


sa 2 


(4.37) 


The Dittus-Boelter, Colburn, and Sieder-Tate correlations are 
all valid for Re > 10* and 0.7 < Pr < 100, and were developed 
for long, smooth pipes without inserts [Ref. 54]. 

More recently, Sleicher and Rouse [Ref. 55] and Petukhov 
and Popov [Ref. 56] developed equations which are applicable 
over a wider range of Prandtl numbers. The Sleicher-Rouse 


correlation is 





Nu = 5+0.015Re,°Pr,? (4.38) 
where 
0.24 
c=0.88- ; 
4+Pr. (4.39) 
and 1 
d = 3 +0.5exp(-0.6Pr,) . (4.40) 


The Petukhov-Popov correlation is 


2 (y/8) RePr 
Nu = ——_—_—_— 4.41 
K,+K, (y¥/8) 1/2 (Pr2/3-1) 
where 
Y = (1.821l0g,,(Re) -1.64) %, (4.42) 
K, = 1+3.4y, (4.43) 
and 
K, = 11.7+1.8Pr%, (4.44) 


The Petukhov-Popov correlation is valid for 104 < Re < 5 x 10° 
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and 0.5 < Pr < 2,000. 

At the Argonne National Laboratory, Lorenz et al. [Ref. 
57] compared the experimentally determined inside Nusselt 
numbers for turbulent flow of cold water in smooth tubes to 
seven of the more common inside heat transfer correlations, 
namely, Dittus-Boelter, Sieder-Tate, Kays, Braun, Petukhov- 
Popov, Eagle-Ferguson, and Sleicher-Rouse. Tests were run at 
Pr = 11.6 with 10,000 < Re < 35,000 and Pr = 6.0 with 40,000 
< Re < 140,000. They found that the Petukhov-Popov and 
Sleicher-Rouse correlations agreed with the experimentally 
determined inside Nusselt numbers within five percent. The 
other correlations typically underpredicted the data by up to 
15 percent. 

Both the Petukhov-Popov and Sleicher-Rouse correlations 
assume a long straight inlet section prior to the test 
section. Swenson [Ref. 32] identified these correlations as 
the most accurate but felt that he could not use them because 
of the 90° bend in the inlet flow arrangement for the test 
apparatus. O’Keefe [Ref. 33] used the modified Wilson plot 
technique and both of these inside correlations to analyze his 
data. He allowed the inside leading coefficient (C;) to 
"float" in an iterative process. He then compared his values 
of h, obtained using each inside correlation with Swenson’s 
values of h, obtained from an instrumented tube and found 
agreement within seven percent for smooth copper and titanium 
tubes. Using a recommendation of Lorenz [Ref. 57], he altered 
the Reynolds number exponent in the Sieder-Tate equation from 
0.8 to 0.85, and obtained results similar to the Petukhov- 
Popov and Sleicher-Rouse correlations. 

The Petukhov-Popov correlation requires determination of 
properties only at the coolant mean bulk temperature (T,,) 
while the Sieder-Tate and Sleicher-Rouse correlations require 
property evaluation at the inside wall temperature. Wall 
temperature must be iteratively determined when processing 
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data from noninstrumented tubes. For this reason, the 
Petukhov-Popov correlation has been the choice of researchers 
at NPS since 1992 where 


k (y/8) RePr 
Q = bo. 0 EO cl AG (4.45) 
D; K,+K,(y/8)?/? (Pr23-1) 


The Petukhov-Popov correlation was derived for fully 
developed turbulent flow in smooth tubes with constant heat 
flux along the tube wall. No leading coefficient is required, 
so h; = 9. During these tests, because of the 90° bend in the 
coolant line approximately 90 mm prior to the test tube and 
the use of an insert, the flow may be different than the 
conditions used in deriving the Petukhov-Popov correlation. 
In addition, because of a condensate film of varying thickness 
around the tube, heat flux is circumferentially variable. To 
account for these additional conditions, a leading coefficient 


(C;) is introduced in equation (4.18). 
E. ENHANCEMENT RATIO 


The heat transfer enhancement (€,,) used in this thesis 
is the same as defined by Rose [Refs. 26, 27]. It is the 
ratio of heat transfer coefficients of a finned tube based on 
a smooth tube area of fin root diameter (D,) to that of a 
smooth tube of outside diameter (D,) equal to the finned tube 
root diameter. Both heat transfer coefficients are evaluated 
at the same vapor side temperature difference. Recalling that 


ee oes 


= Do, tinned = Co, finned“ finned 
ea) |e ae | (4.46) 
o,smooth/ar 0, smooth“ smooth AT 


For the same temperature drop across the condensate film, the 
film temperature and fluid properties are the same, so that 
Zemooth = “finneq and equation (4.46) reduces to 


C : 
Ear ane Bee . (4 ~47) 


Oo, smooth 
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From a previous discussion, C, is probably a function of 
area enhancement and fin geometrical effects, surface tension 
effects, and vapor shear effects. No attempt was made during 
this thesis to separate out the individual contributions. 
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V. RESULTS AND DISCUSSION 
A. RETEST OF MEYER’S STAINLESS STEEL TUBES 


Due to the discrepencies in tube dimensions and program 
coding discussed in Chapter III and Appendix C, Meyer’s 
Stainless-steel tube data were reprocessed. The reported and 
reprocessed values of enhancement are shown in Tables 5.1 and 
5.2. Because the effects of each discrepency are small, only 
minor differences between the two are noted. The trend of 
decreasing enhancement with increasing fin height remained the 
Same. Reprocessing of the stainless steel, 1.12 mm fin height 
tube at vacuum conditions was not possible because his raw 
data file could not be located. Enhancements were determined 
from equation (4.89) where Cy, onooth WaS obtained as the 
average of Cobb’s [Ref. 6] smooth tube copper C, values. 
These smooth tube values were 0.81 and 0.85 for vacuum and 
atmospheric trials, respectively. 

Meyer’s stainless steel tubes were retested under vacuum 
and atmospheric conditions. Two tests at each pressure 
condition were conducted for the tubes with 0.60 mm and 1.46 
mm fin heights. Only one test was conducted at each pressure 
condition for the other tubes. Results are tabulated in 
Tables 5.3 and 5.4. Enhancement versus fin height is plotted 
in Figures 5.1 and 5.2 for Meyer’s data and the retested 
values. The experimentally determined enhancements agreed 
within -11.0 to +8.7 percent except for the 0.60 fin height 
atmospheric trial which differed by -19.2 percent. Within the 
range of fin heights tested, the general trend of decreasing 
enhancement with increasing fin height noted by Meyer was 
confirmed. 

Closer agreement with Meyer’s enhancements was expected. 
Meyer only reported one trial for each tube at each test 
condition so it is possible that several of his trials could 
have been inaccurate. It was also thought that the difference 


57 





Fin Height Reported Reprocessed Percent 
Material (mm) Enhancement | Enhancement | Difference 





Table 5.1. Reported and Reprocessed Values of Enhancement 
for Meyer’s Tubes (Vacuum) 


Reprocessed Percent 
Enhancement | Difference 





Table 5.2. Reported and Reprocessed Values of Enhancement 
for Meyer’s Tubes (Atmospheric) 
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EA) ree es eee 
Mm | | cy | enhancement | | Cy | Enhancement _ 
poe | 2.26] oss {| sae [2.33] 4.001 2.24 
[on [> 2.08 | o.7@ {| 0.96 

Pe ee 
aoe [ans [ore [ose [2.07 [ora [o.20 


File not available 
pasi | 0.76 | 0.94 
eG L495 0.76 0.94 


Table 5.3. Comparison of the Experimentally Determined 
Values of C;, C,, and Enhancement for Meyer’s Stainless 
Steel Tubes (Vacuum) 





















Fin Meyer’s Results Retest Results 
Height 
mm a Enhancement Enhancement 








Table 5.4. Comparison of the Experimentally Determined 


Values of C;, C,, and Enhancement for Meyer’s Stainless 


Steel Tubes (Atmospheric) 
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Figure 5.1. 
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Meyer’s and the Retested Experimental Values 
for Enhancement vs. Fin Height for Stainless 
Steel Integral-Fin Tubes (Vacuum) 
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Figure 5.2 Meyer’s and the Retested Experimental Values — 
7 for Enhancement vs. Fin Height for Stainless 
Steel Integral-Fin Tubes (Atmospheric) 
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could be attributed to differences in coolant temperature 
rise. Because of seasonal variations in the ground 
temperature, Meyer’s coolant inlet temperatures were 1° to 2°C 
lower than when the retests were conducted. The temperature 
difference between steam and coolant was thus larger for his 
trials, resulting ina larger coolant temperature rise through 
the tube. In addition, it was later found that the retesting 
of Meyer’s tubes was accomplished with the HEATEX insert 
installed backwards [Ref. 42]. Consequently, the coolant 
temperature rise would not be as large. Whether due to 
greater inlet temperature or due to reverse positioning of the 
insert, smaller coolant temperature rises, and hence smaller 
heat fluxes, could have clustered the X-Y data points on the 
modified Wilson plot, lending to an imprecisely determined 
value of C,. The insert was correctly installed for the 
second trials conducted on the 0.60 mm and 1.46 mm fin height 
tubes. The coolant temperature rise was slightly larger for 
these trials, however, little change was observed in the value 
of C,. 

A comparison of the X-Y data points in the modified 
Wilson plot for an original Meyer experimental run and retests 
with the insert installed correctly and incorrectly is shown 
in Figure 5.3. Little difference is observed in the spread of 
points or the slope of the least-squares line for each trial, 
yet the intercepts (inverse of C,) are different for each. 
More than likely, this difference in intercept and consequent 
values of C, and enhancement, can be attributed solely to 
experimental uncertainty and not to differences in coolant 


temperature rise. 
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Figure 5.3 Comparison of Modified Wilson Plot 
Experimental Data for a 0.60 mm Fin Height 
Stainless Steel Tube Under Vacuum Conditions 
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B. TEST RESULTS OF THE NEW FAMILY OF STAINLESS STEEL TUBES 


is General Discussion 

The nine newly fabricated stainless steel tubes were 
tested under vacuum and atmospheric conditions. An 
experimental trial was considered acceptable if no evidence of 
dropwise condensation was observed and if the system was 
maintained within the prescribed power and saturation 
temperature ranges. Two or three acceptable trials were 
conducted for each tube at each pressure condition. A total 
of 48 trials was accomplished with 40 judged acceptable. The 
minimum modified Wilson plot regression coefficient was 0.997. 
Most values exceeded 0.999. This indicates an excellent 
linear fit of the data points for determining the values of 
the leading heat transfer coefficients. Raw and processed 
data sheets are compiled in Appendix D. 

Summaries of the experimentally determined enhancement 
and heat transfer correlation leading coefficients are shown 
in Tables 5.5 and 5.6. Enhancements were determined from 
equation (4.89) where Cy, gnootn WaS Obtained by averaging the 
smooth tube C, values from trials conducted at the same 
pressure condition. These average smooth tube values are 
0.815 and 0.827 for vacuum and atmospheric trials, 
respectively, and are within a few percent of Cobb’s [Ref. 6] 
smooth tube values. Comparisons of enhancements calculated 
for the same tube and pressure condition show a difference of 
less than 7.8 percent for vacuum conditions and less than 5.7 
percent for atmospheric conditions. Repeatable results were 
therefore obtained. 


2% Trends in Inside Heat Transfer Correlation Leading 
Coefficient, C; 
The purpose of the HEATEX insert is to increase the 
turbulence of the cooling water, remove the laminar sublayer, 


and enhance the inside heat transfer coefficient. Just as the 
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Fin Height 
File Name (mm) C; | Ce Enhancement 





Table 5.5. Experimentally Determined Values of C;, C,, and 
Enhancement for New Stainless Steel Tubes (Vacuum) 
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Enhancement 


Fin Height 
File Name (mm) C; 0 


0.83 
0.83 
1.11 
$1602 1.12 1.35 
S28Al 1.33 1.61 
s20a2 1.55 
S200 1.52 
S38A1 1.31 
$30A2 1.36 
S48Al 1.34 
sanz | ogg | aez | ata | 38 
S75A1 1.03 1.25 
$7502 1.27 
S95Al 1.23 
S9502 1.26 


| 1.00 
1.00 
a ae 


$126A2 1.12 
sizeaa_ | t.26 | 2.32 | 96 | 
$142A3 1.04 
S142A4 1.05 
S142A5 1.07 


Table 5.6. Experimentally Determined Values of C;, C,, and 
Enhancement for New Stainless Steel Tubes (Atmospheric) 











outside leading coefficient (C,) is a measure of enhancement 
on the outside of the tube, the inside leading coefficient 
(C;) can be viewed as a measure of enhancement on the inside 
of the tube. (From Chapter 4, C; also accounts for the 
developing flow in the tube leader and heat flux variations.) 
Without an insert, C; for the Petukhov-Popov correlation would 
ideally be unity. With an insert installed, the value of C; 
is increased. From Tables 5.5 and 5.6, the smooth tube 
experimental values of C; is approximately 2.8 and 3.0 for 
vacuum and atmospheric pressure conditions, respectively. 

As fin height increases, the condensate flooding angle 
decreases. This is shown in Figure 5.4, by plotting the 
flooding angle determined by equations (2.6) and (2.7) fora 
fin spacing of 1.5 mm and fin heights ranging from 0 to 1.5 
mm. As the flooding angle decreases, a larger fraction of the 
tube is covered with thick condensate film, and less heat 
transfer occurs overall. This is illustrated in Figures 5.5 
and 5.6, where heat flux is plotted against fin height. 
Considering only radial heat flow, the inside of the tube 
views the thick film region on the lower outside portion of 
the tube as insulated. Heat will mostly be convected from the 
upper inside surface of the tube where the film on the tube 
outside is thin. Therefore, as the flooding angle decreases, 
the effective convective inside area decreases. Because the 
inside heat transfer coefficient is calculated assuming the 
entire inside circumference is active, it will decrease due to 
this decreasing effective convective area as shown in Figure 
5.7. The reduction in the inside heat transfer coefficient is 
due almost exclusively to the decrease in C; shown in Figure 
5.8. Increasing fin height thus causes C,; to decrease. 

This same trend was observed by Zebrowski [Ref. 58] and 
Lester [Ref. 59]. They placed plastic insulators of the same 
angular area on the inside and outside of their tubes. As the 
angle was increased for both insulators, the inside heat 
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Figure 5.4 Analytically Determined Values of Flooding 
Angle vs. Fin Height for a Fin Spacing Of. 1.5 


mm . 
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Figure 5.5 
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Comparison of Average Experimental Heat Flux 
and Fin Height for Stainless Steel Tubes 
(Vacuum) 
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Figure 5.6 Comparison of Average Experimental Heat Flux 
and Fin Height for Stainless Steel Tubes 
(Atmospheric) | 
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Figure 5.7 Comparison of Inside Heat Transfer 
Coefficient with Fin Height for Stainless 
Steel Tubes 
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Figure 5.8 Comparison of the Leading Coefficient (C;) of 
the Inside Heat Transfer Correlation with Fin 


Height for Stainless Steel Tubes 
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transfer coefficient and C; decreased. 

The Petukhov-Popov correlation was formulated for 
constant heat flux conditions circumferentially and axially. 
As pointed out in the preceding discussion, the condensation 
film thickness and heat flux vary around the tube. For this 
reason, the Petukhov-Popov correlation is probably more 
accurate for tubes of shorter fins where the flooding angle is 
larger and the angular heat flux distribution is small. 


3% Comparison of Outside Heat Transfer Coefficient 
(h,) with Condensate Film Temperature Drop 


Plots of the outside heat transfer coefficients versus 
the temperature drop across the condensate film for each fin 
height and pressure condition are shown in Figures 5.9 through 
5.26. The minimum and maximum experimental uncertainties are 
also plotted in the figures. These uncertainties in h, and 
film AT were obtained from the uncertainty analysis described 
in Appendix E. Maximum uncertainties occurred at the highest 
coolant flow rates where the temperature rise of the coolant 
was least. Minimum uncertainties were obtained for the lowest 
flow rates where the coolant temperature rise was greatest. 
Uncertainties for the vacuum runs were greater than those for 
the atmospheric runs due to the smaller coolant temperature 
rise. 

For all plots, the outside heat transfer coefficient is 
inversely related to the temperature drop across’ the 
condensate film. As the coolant flow rate is increased, the 
inside heat transfer coefficient and hence the heat flux 
increase. Increased condensation occurs, resulting in a 
thickening of the condensate film. Because the increased 
condensate thickness acts as an insulator and retards heat 
transfer, the temperature drop across the film increases and 
the outside heat transfer coefficient, which is inversely 
proportional to the film thickness, decreases. The 
temperature drop across the film is larger for the atmospheric 
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Experimentally Determined Values of the 
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Smooth Tube (Vacuum) 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
integral-Fin Tube with Fin Height 0.16 mm 
(Vacuum) 
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Figure 5.11 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.28 mm 
(Vacuum) 
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Figure 5.12 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.38 mm | 
(Vacuum) 
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Figure 5.13 Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.48 mm 


(Vacuum) 
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Figure 5.14 Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference fora Stainless Steel 
Integral-Fin Tube with Fin Height 0.75 mm 


(Vacuum) 
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Figure 5.15 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.95 mm 


(Vacuum) 
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Figure 5.16 Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 1.26 mm 
(Vacuum) 
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Figure 5.17 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 1.42 mm 
(Vacuum) 
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Figure 5.18 Experimentally Determined Values of the 
- Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Smooth Tube (Atmospheric) 
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Figure 5.19 Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.16 mm 


(Atmospheric) 
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Figure 5.20 Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.28 mm 
(Atmospheric) 
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Figure 5.21 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.38 mm 


(Atmospheric) 
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Figure 5.22 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.48 mm 
(Atmospheric) 
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Figure 5.23 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.75 mm 
(Atmospheric) 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 0.95 mm 
(Atmospheric) 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 1.26 mm 
(Atmospheric) 
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Experimentally Determined Values of the 
Outside Heat Transfer Coefficient vs. Film 
Temperature Difference for a Stainless Steel 
Integral-Fin Tube with Fin Height 1.42 mm 
(Atmospheric) 


3 


a ee 





runs due to the larger heat flux and increased condensation. 

Consolidated curve fits of the data are shown in Figures 
5.27 and 5.28. For both vacuum and atmospheric runs, as fin 
height initially increases, the value of h, increases. For 
both pressure conditions, the maximum outside heat transfer 
coefficient is obtained at a fin height near 0.30 mm. As fin 
height is increased past this optimum, the outside heat 
transfer coefficient decreases. For fin heights in excess of 
0.75 mm under vacuum conditions, heat transfer is actually 
less than that for a smooth tube. For atmospheric conditions, 
h, for fin heights up to 1.5 mm was always more than that for 
a smooth tube. 


4. Comparison of Enhancement (€,,) with Condensate 
Film Temperature Drop 


A plot of enhancement versus fin height, shown in Figure 
5.29, showed a trend similar to that observed for the outside 
heat transfer coefficient. At the optimum fin height of 0.30 
mm, the corresponding enhancements are 1.4 and 1.6 for the 
vacuum and atmospheric conditions. For fin heights less than 
0.5 mm and 0.75 mm for vacuum and atmospheric conditions, 
respectively, the overall enhancement is greater than 
indicated by the increase in surface area alone. Further 
increase in fin height yields overall enhancements less than 
the area enhancement. 

Referring to Figure 5.30a, as the fin height is initially 
increased, the combined effects of additional condensing 
surface area on the fin flanks and surface tension induced 
condensate thinning in the interfin region increases heat 
transfer. When fin height increases beyond the optimum 
(Figure 5.30b), thinning of the condensate on the increasing 
fin flank area causes the condensate wedge to rise higher 
along the lower fin flank and to flood the interfin space. 
Due to a fin efficiency less than one, less heat is conducted 
through the fins resulting in less condensation on the fin 


92 








fin height = 0.28 mm 


i 


— 
G 


Nh 


mod, 
—d. 


smooth 


Outside Heat Transfer Coefficient (KW/m42-K) 


oo 
© 


1.42 


OO 





8 10 12 14 16 18 20 22 
DELTA T Across Film (degC) 


Figure 5.27 Consolidated Curve Fits of Experimentally 
Determined Values of the Outside Heat 
Transfer Coefficient vs. Film Temperature 
Difference for Stainless Steel Integral-Fin 
Tubes of Various Fin Heights (Vacuum) 
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Consolidated Curve Fits of Experimentally 
Determined Values of the Outside Heat 
Transfer Coefficient vs. Film Temperature 
Difference for Stainless Steel Integral-Fin 
Tubes of Various Fin Heights (Atmospheric) 
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tips and flank. Increased flooding of the interfin space 
along the tube circumference due to increasing fin height also 
causes the flooding angle to decrease as shown previously in 
Figure 5.4. Thus the enhancing effects of film thinning is 
more than offset by the deteriorating effects of lower fin 
conduction and interfin flooding, resulting in a reduction of 
heat transfer. The decrease in flooding angle as fin height 
increased could also be observed during experimentation. 


5 Comparison of Experimental Enhancement with 
Predictive Models 


Predictive enhancements from the Beatty and Katz [Ref. 
17] and the Briggs and Rose [Ref. 28] models were obtained 
from computer codes written by NPS research associate, Dr. 
Ashok Das. Tables 5.7 and 5.8 summarize the enhancements from 
the experimental data and predictive models. These are 
plotted in Figures 5.31 and 5.32 for comparison. 

a. Beatty and Katz 

The Beatty and Katz model neglects surface tension 
and is based on gravity drainage and area enhancement only. 
The predicted enhancement curves increase until a fin height 
is reached where the temperature of the fin tip approaches 
Saturation steam temperature. Because surface tension is 
neglected, the model underpredicts enhancement by up to 10 
percent for low fin heights where surface tension induced 
condensate thinning enhances heat transfer. This relatively 
small percentage could indicate that although condensate 
thinning aids in enhancement, the majority of the enhancement 
is due to the increase in surface area from finning. 

For fin heights larger than the experimental 
optimum, the Beatty and Katz model overpredicted enhancement 
at an increasing rate because it does not account for the 
increased flooding from drainage from the fin flanks into the 
interfin space. For atmospheric test conditions, the 
overprediction ranges from 16 to 61 percent as fin height is 
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Fin Height Enhancement Enhancement Enhancement 
(Avg Exp) (B & K) (Briggs/Rose) 





Table 5.7. Experimental and Predicted Values of Enhancement 
for New Stainless Steel Tubes (Vacuum) 





Table 5.8. Experimental and Predicted Values of Enhancement 
for New Stainless Steel Tubes (Atmospheric) 
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increased from 0.38 mm to 1.42 mm. 

The overprediction is greater for vacuum pressure 
conditions, where film temperatures are smaller, and 
consequently, surface tension is larger. For this test 
condition, the Beatty and Katz model overpredicted enhancement 
from 23 to 89 percent as fin height increased from 0.38 mm to 
1.42 mm. 

b. Briggs and Rose 

The Briggs and Rose predictive model underpredicted 
enhancement for all fin heights. For vacuum conditions and 
fin heights greater than 0.48 mm, the model performs very well 
with predicted values within 20 percent of the experimental 
enhancements. For atmospheric conditions or fin heights less 
than 0.48 mm, the model underpredicted enhancement by up to 25 
percent. For both pressure conditions, the model follows the 
experimental trend of the experimental enhancements, however, 
no optimum is ever reached. 

Several reasons could explain the difference in the 
model’s performance at vacuum and atmospheric pressure 
conditions. First, while the vapor velocity is lower at 
atmospheric conditions, the effect of the vapor shear may be 
more pronounced due to the thicker condensate film at 
atmospheric conditions. Second, the exit of the condensate 
drops from the bottom of the tube creates an oscillatory 
motion of the free surface of the condensate retained between 
the fins. Due to a higher heat flux at atmospheric 
conditions, the oscillation of the condensate front is much 
more rapid as compared to vacuum conditions. 

For small fin heights, the model is probably 
invalid. The computer generated values of the average 
flooding fractions of the interfin space (f,) and fin flank 
(f-) in the unflooded zone were examined for each fin height 
tested. The average value of f, remained nearly constant for 
all fin heights and pressure conditions and was appoximately 
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80 percent. For both test pressures, f, increased at an 
increasing rate from approximately 40 percent at a fin height 
of 1.42 mm to 100 percent (complete blanking) at a fin height 
of 0.48 mm. This is due to high heat conduction to the fin 
tip at small fin heights. The surface tension induced 
pressure gradient draws the resulting large amount of 
condensate from the tip to the root. As the liquid wedges 
rise along the fin due to the volume of condensate, the flanks 
are eventually blanked. The predicted large increase in 
enhancement at small fin heights is due to the increased 
convection from the thin film area at the fin tip. In the 
limiting case as fin height approaches zero, the constants 
Beip and B;,, must approach zero and the sum [B, * (eo) 
+ 0.281] must approach 0.728. Therefore, the analysis is not 


valid for such small fin heights. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 


Experimental data were obtained for steam condensation on 
stainless steel smooth and integral-fin tubes at both vacuum 
and atmospheric conditions. Both Meyer’s [Ref. 2] tubes and 
a new set of tubes were tested. The tube fins had a thickness 
of 1.0 mm and were spaced 1.5 mm apart. For Meyer’s tubes, 
fin heights ranged from 0.42 to 1.46 mm. For the new set of 
tubes, fin heights ranged from 0.16 to 1.42 mm. The following 


conclusions can be drawn: 


1. Meyer’s experimentally determined enhancements for 
stainless steel tubes with fin heights between 0.5 and 
1.5 mm were confirmed. 


2. Increasing fin height has two effects on enhancement. 
As fin height is initially increased, the increase in 
surface area and thinning of the condensate film on 
the upper fin flanks and interfin space increases 
enhancement. As fin height is increased past an 
optimum, lower conduction through the fin and 
increased condensate flooding of the interfin space 
decreases enhancement. At some point, further 
increase in fin height actually yields heat transfer 
performance less than a smooth tube. 


3. For the new set of tubes tested, the optimum fin 
height was approximately 0.30 mm with corresponding 
enhancements of 1.4 and 1.6 for vacuum and atmospheric 
pressure conditions respectively. 


4. The Briggs and Rose model underpredicted the 
experimental enhancements for fin heights greater than 
the optimum. For vacuum conditions, the model 
performed well with predicted enhancements within 20 
percent of experimental values at fin heights greater 
than the optimum. The model is probably invalid for 
small fin heights. 


5. Flame heating a stainless steel tube is the quickest 


and easiest method to form an oxide layer that 
promotes film condensation. 
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B. RECOMMENDATIONS 


1. Test low conductivity tubes of various fin spacings 
and thicknesses and determine optimum values and the 
corresponding enhancements. 


2. Once optimum fin geometries are determined, explore 
the commercial fabrication of low conductivity, low 
fin height condenser tubes. 


3. When a large experimental data base is obtained for 
condensation on low conductivity finned tubes, 
recalculate the B constants in the Briggs and Rose 
predictive model and see if this improves its 
accuracy. 


The following recommendations should improve on the 


operation and accuracy of the system. 


1. Replace the switchboard mounted voltmeter and ammeter 
with ones accurate within the range 0 to 500 VAC and 
O to 100 amperes AC. 


2. Calibrate the apparatus pressure transducer and gage. 


3. Recode program DRPALL in QUICK BASIC and install on 
the Zenith computer system. 


4. Modify the uncertainty analysis to provide a more 
realistic estimate of the experimental uncertainties 
in enhancement and the inside and outside heat 
transfer coefficients. 
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NOTE: 


taken in the same day, 


APPENDIX A. 


delay of cooling down boiler. 


A. 


CAUTION: 


START-UP 





OPERATING INSTRUCTIONS 


If both vacuum and atmospheric data runs are to be 
conduct vacuum run first to avoid the 


Establish the following valve line-up: 


Boiler feed 

Boiler fill and drain 

Auxiliary condenser cooling water 
regulator inlet 

Auxiliary condenser cooling water 
regulator outlet 

Condenser pressure gage cut-out 

Head tank supply 

Head tank overflow 

Head tank drain 

Cooling water pump vent 

Cooling water pump discharge 

Condenser vacuum line cut-out 

Accumulator drain 

Condenser vacuum breaker 


BLR-1 OPEN 
BLR-2 SHUT 
ACW-1 OPEN 
ACW- 3 SHUT 

OPEN 
CW-1 SHUT 
CW-1A OPEN 
CW-2 SHUT 
CW-3 SHUT 
CW- 4 SHUT 
VAC-1 SHUT 
VAC -2 SHUT 
VAC-3 SHUT 


Establish boiler water level at 6 inches above the 


top of the heater elements. 


a. If water level too high: 


(1) Place boiler £fi11 and drain hose into 


waste drain. 


(2) Open boiler fill and drain valve BLR-2 


and drain to bilge. 


(3) When boiler water level 


igs at proper 


level, shut boiler fill and drain valve 


BLR-2. 
b. If water level too low: 


DO NOT ADD WATER TO A HOT BOILER. 


COOL BEFORE ADDING WATER. 


ALLOW BOILER TO 


(1) Connect boiler fill and drain hose to 
distilled water tank spigot. 


(2) Open boiler fill and drain valve BLR-2 
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and gravity fill boiler. 


(3) When boiler water level is at proper 
level, shut boiler fill and drain valve 
BLR-2. 


(4) Disconnect fill and drain hose from 
distilled water tank spigot. 


3. Install the condenser test tube. 


NOTE: Each condenser tube has two smooth ends. The longer 
smooth end is the inlet section. 


a. 


Remove the studs from test condenser inlet in 
an X-pattern. 


Remove the flange and nylon component. 
Remove the previously installed tube. 


(1) Remove the teflon insert and_ tube 
assembly by gently twisting the insert 
while pulling. 


(2) Remove the tube from the teflon insert by 
twisting. 


(3) Remove the HEATEX insert from the tube by 
grasping its core with pliers on the 
outlet side of the tube and gently 
pulling and twisting. 


Examine the three small O-rings in the teflon 
insert and the large O-rings on the nylon and 
Teflon components for damage and replace if 
necessary. 


Pull the petals of the HEATEX insert slightly 
outward. Install the insert into the tube so 
that petals fan outward opposite the direction 
of cooling water flow. 


Wet the O-rings and tube ends with distilled 
water to ease installation. 


Each condenser tube has two smooth ends with 
one shorter than the other. Insert the 
shorter smooth end of the test tube into the 
condenser and through the outlet teflon 
insert. Seat by gently twisting while 
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pushing. 

h. Reinstall the teflon insert, inlet flange 
assembly, and studs and uniformly snug the 
fasteners in an X-pattern. 

Check the test condenser integrity. 

a. Slightly open head tank supply valve CW-1. 

low Plug in cooling water pump #1. 

om Slowly open cooling water pump discharge valve 
CW-4 and adjust to at least 60% rotameter 
flow. Check for system leaks. 


ole Shut cooling water pump discharge valve CW-4 
and unplug cooling water pump. 


Check auxiliary condenser integrity. 
a Open auxiliary condenser cooling water 


regulator outlet valve ACW-3 and adjust to at 
least 30% rotameter flow. 


b. Check auxiliary condenser cooling system for 
leaks. 
Cx Shut auxiliary condenser cooling water 


regulator outlet valve ACW-3. 


Energize the data acquisition unit, computer, CRT, 
and quartz thermometer power supplies. Verify that 
the thermocouple and quartz thermometer readings 
correspond to ambient temperature. Channels on the 
data acquisition system correspond to the 
following: 


Steam thermocouple (T,,,) CH 20 
Coolant inlet thermocouple (T,,) CH 21 
Coolant outlet thermocouple (T,,,;) CH 22 
Lab temperature thermocouple (Tp) CH 23 
Steam thermocouple (T,.,) CH 24 
Heater voltage (V) CH 61 
Heater current (I) CH 62 


Pressure transducer (P,4,-) 
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B. 





PROCEEDING FROM A COLD BOILER TO VACUUM OPERATION 


io Energize boiler heater. 


a. 


a. 


Ensure switch 3 circuit breaker is closed in 
power panel 5 located on the right-hand wall 
of the hallway to the machine shop. 


Ensure power control knob on lab switchboard 
is turned completely counter-clockwise. 


Close heater load bank circuit breaker on left 
Side of lab switchboard. 


Place boiler power supply switch located in 
front of lab switchboard to "ON" position. 
The switchboard voltmeter reading should drop 


to zero volts. If voltmeter does not read 
zero, secure power, and contact lab 
technician. 


Turn power control knob clockwise until 
switchboard voltmeter reads approximately 40 
volts. 


Warmup and purge system. 


When boiler glass becomes warm to the touch, 
accomplish the following: 


(1) Plug in vacuum pump fan. 
(2) Plug in vacuum pump. 


(3) When gage on vacuum pump accumulator 


reaches 24 inches Hg, slowly open 
condenser vacuum line cut-out valve VAC- 
a 


(4) As the water begins to boil steadily, the 
glass piping will quickly warm. This 
will be indicated by a rapid rise in the 
CH20 and CH24 thermocouple (T,,,) voltages 
to over 2000 mV. Maintain the purge for 
at least 10 minutes after the piping has 
warmed to evacuate air and 
noncondensibles. 


When purge is completed, shut condenser vacuum 
line cut-out valve VAC-1, and unplug vacuum 
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pump. 


After vacuum pump has been unplugged for 5 
Minutes, unplug vacuum pump fan. 


Establish system vacuum. 


a. 


Plug in cooling water pump and fully open 
discharge valve CW-4 to establish film 
condensation on test tube. 


Fully open auxiliary condenser cooling water 
regulator outlet valve ACW-3 to quickly cool 
system and establish operating vacuum. 


Adjust panel mounted potentiometer to achieve 
1.98 volts on CH61 (198 volts). 


As steam temperature and pressure fall, the 
steam will superheat as it draws heat from the 
boiler piping. This is indicated by an 
unfogged sight glass. Allow steam to saturate 
by waiting until sight glass fogs before 
continuing. 


Prepare system for operation. 


a. 


Load program into HP9826 computer by inserting 
program disk, typing LOAD "DRPALL", and then 
pressing EXECUTE key. 


Press RUN Key. 


Type in barometer reading (in Hg) followed by 
return. 


Select Take Data option and follow the prompts 
until the prompt Enter flowmeter reading 
appears. 


Start second cooling water pump and adjust 
discharge valve CW-4 to achieve a 80% 
rotameter setting. 


Shut auxiliary condenser cooling water 
regulator outlet valve ACW-3 to raise system 
temperature. 


When CH20 thermocouple (T,,,) voltage reading 


approaches 1950 microvolts, slightly open 
auxiliary condenser cooling water regulator 
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outlet valve ACW-3. 


Steady state operation is reached when CH61 
voltmeter reads 1.978 to 1.982, CH2 0 
thermocouple Teac reads 1964 to 1985 
microvolts, and CH24 thermocouple (T,,,) reads 
1961 to 1982 microvolts This corresponds to a 
heater voltage of 198 volts and a steam 
temperature of 48.5 to 49.0°C. Operate system 
at steady state for at least 15 minutes before 
commencing data runs. Finely adjust auxiliary 
condenser cooling water regulator valve ACW-3 
and potentiometer to maintain saturated steam 
temperature and system power within limits. 
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Cc. PROCEEDING FROM A COLD BOILER TO ATMOSPHERIC OPERATION 


a ie Fully open head tank supply valve CW-1. 


2 Energize boiler heater. 


a. 


Ensure switch 3 circuit breaker is closed in 
power panel 5 located on the right-hand wall 
of the hallway to the machine shop. 


Ensure power control knob on lab switchboard 
is turned completely counter-clockwise. 


Close heater load bank circuit breaker on left 
Side of lab switchboard. 


Place boiler power supply switch located in 
front of lab switchboard to "ON" position. 
The switchboard voltmeter reading should drop 
to zero volts. If voltmeter does not read 
zero, secure power, and contact lab 
technician. 


Turn power control knob clockwise until 
Switchboard voltmeter reads approximately 40 
volts. 


o% Warmup and purge system. 


a. 


When boiler glass becomes warm to the touch, 
accomplish the following: 


(1) Plug in vacuum pump fan. 
(2) Plug in vacuum pump. 


(3) When gage on vacuum pump accumulator 
reaches 24 inches Hg, slowly open 
condenser vacuum line cut-out valve VAC- 
Ls 


(4) As the water begins to boil steadily, the 
glass piping will quickly warm. This 
will be indicated by a rapid rise in the 
CH20 and CH24 thermocouple (T,,,) voltages 
to over 2000 mV. Maintain the purge for 
at least 10 minutes after the piping has 
warmed to evacuate air and 
noncondensibles. 
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CAUTION: 








When purge is completed, shut condenser vacuum 
line cut-out valve VAC-1, and unplug vacuum 


pump . 


After vacuum pump has been unplugged for 5 
minutes, unplug vacuum pump fan. 


Prepare system for operation. 


DO _ NOT ALLOW CONDENSER PRESSURE TO EXCEED 15 PSIA. 


a. 


Load program into HP9826 computer by inserting 
program disk, typing LOAD "DRPALL", and then 
pressing EXECUTE key. 


Press RUN key. 


Type in barometer reading (in Hg) followed by 
return. 


Select Take Data option and follow the prompts 
until the prompt Enter flowmeter reading 
appears. 


Slowly increase boiler voltage until CH61 
voltmeter reading reaches 3.85 (385 volts). 


When CH20 thermocouple (T,,,) approaches 3800 
microvolts, plug in cooling water pumps and 
adjust discharge valve CW-4 to achieve a 80% 
rotameter setting. 


When CH20 thermocouple (T,,,) approaches 4000 
microvolts, slightly open auxiliary condenser 
cooling water regulator outlet valve ACW-3. 


Steady state operation is reached when CH6é1 
voltmeter reads 3.848 to 3.852, CH20 
thermocouple CT ae) reads 4244 to 4290 
microvolts, and CH24 thermocouple (T,,,) reads 
4247 to 4293 microvolts. This corresponds to 
a heater voltage of 385 volts and a steam 
temperature of 99.5 to 100.5 °C. Operate 
system at steady state for at least 15 minutes 
before commencing data runs. Finely adjust 
auxiliary condenser cooling water regulator 
valve ACW-3 and potentiometer to maintain 
saturated steam temperature and system power 
within limits. 
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D. PROCEEDING FROM VACUUM OPERATION TO ATMOSPHERIC 


OPERATION 


1 Fully open head tank supply valve CW-1. 


2. Shut cooling water pump discharge valve CW-4. 
3. Unplug cooling water pump(s). 
4. Shut auxiliary condenser cooling water regulator 


outlet valve ACW-3. 


os Purge system. 

a. Plug in vacuum pump fan. 

b. Plug in vacuum pump. 

C. When gage on vacuum pump accumulator reaches 
24 inches Hg, slowly open condenser vacuum 
line cut-out valve VAC-1. Maintain the purge 
for at least 10 minutes to evacuate air and 
noncondensibles. 

d. When purge is completed, shut condenser vacuum 
line cut-out valve VAC-1, and unplug vacuum 
pump. 

e. After vacuum pump has been unplugged for 5 
minutes, unplug vacuum pump fan. 

6. Prepare system for operation. 


CAUTION: DO NOT ALLOW CONDENSER PRESSURE TO EXCEED 15 PSIA. 





a. 


Select Take Data option and follow the prompts 
until the prompt Enter flowmeter reading 
appears. 


Slowly increase boiler voltage until CH61 
voltmeter reading reaches 3.85 (385 volts). 


When CH20 thermocouple (T,,,) approaches 3800 
microvolts, plug in cooling water pumps and 
adjust discharge valve CW-4 to achieve a 80% 
rotameter setting. 


When CH20 thermocouple (T,,,) approaches 4000 


microvolts, slightly open auxiliary condenser 
cooling water regulator outlet valve ACW-3. 
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Steady state operation is reached when CH61 
voltmeter reads 3.848 to 3.852, CH20 
thermocouple CT ae reads 4244 to 4290 
microvolts, and CH24 thermocouple (T,,,) reads 
4247 to 4293 microvolts. This corresponds to 
a heater voltage of 385 volts and a steam 
temperature of 99.5 to 100.5 °C. Operate 
system at steady state for at least 15 minutes 
before commencing data runs. Finely adjust 
auxiliary condenser cooling water regulator 
valve ACW-3 and potentiometer to maintain 
Saturated steam temperature and system power 
within limits. 
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E. SECURING SYSTEM 


1. Secure boiler heater. 


a. Turn power control knob fully 
counterclockwise. Voltmeter should indicate 
zero. 

b. Place boiler power supply switch to "OFF" 
position. 

on Open heater load bank circuit breaker. 

ve secure test condenser. 

a. Shut cooling water pump discharge valve CW-4. 

b. Unplug cooling water pump(s). 

oe Shut head tank supply valve CW-1. 

3% Secure auxiliary condenser. 

a. Shut auxiliary condenser cooling water 
regulator inlet valve ACW-1. 

b. Shut auxiliary condenser cooling water 
regulator outlet valve ACW-3. 

A. Turn off quartz thermometer, line printer, and 


computer power. 


15 
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APPENDIX B. CALIBRATION AND THERMOPHYSICAL PROPERTY 
CORRELATIONS 


A. ROTAMETER 


The Fischer & Porter rotameter (tube model FP-1-35-G- 
10/83) calibration was accomplished by weighing the quantity 
of water (W) that flowed through the meter in a prescribed 
time period (t). The rotameter flow rate (f,) was varied from 
ten to seventy percent in five percent increments. Average 
water temperature for the trial was 21.2°C. 

The mass flow rate (m) for each flow setting was 
calculated from 





mh = NT o (B.1) 
gt 


and the corresponding volumetric flow rate (f,) was computed 


from 


f= WGe (B.2) 
gpt 





A summary of the raw data and flow rates is contained in Table 
B.1. A linear regression analysis was used to curve fit the 
data and obtain the following linear equations 


th = = (0.029546 +0.014880f,) —_P _, (B.3) 
T=70.1°F 
f£,{gpm] = 0.21275+0.10721f., (B.4) 
nl “2 = (0.01340+0.0067493£,) —__P_ _, (B.5) 
s Pr-21.2°c 
and a 
| ara | = 0.80527 +0.40578f,. (B.6) 
min 


a Us a 



















[20.0 | 20.0 |30.60| 0.248 | 0.327 | 0.9 | 2.35. 
[40.0 | 10.0 [25.07 | 0.286 | 0.630 | 17.2 | 4.54 
[45.0 | 10.0 [ae.aa| 0.314 | 0.693 | 29.9 | 4.99 
[60.0 | 20.0 [21.60 | 0.420] 0.926 | 25.2 | 6.67 


Table B.1. Rotameter Calibration Data 


Flow Weight Time Flow Flow 
(pct) (lbf) (s) (kg/s) (lbm/s) (ler/min) 


ee 
(gpm) 
0.080 | 0.176 | 4.8 | 1.27 





A comparison of these mass flow rate curves at 20°C with 
the previously used correlations shows a difference of less 


than one percent over the range 20 < f, < 80. 
B. DATA ACQUISITION VOLTMETER 


The voltage read by the HP3497A data acquisition system 
(CH61) was compared to the voltage measured from a test 
voltmeter. In Chapter III it was noted that the voltage read 
on CH61 is 1/100 of the actual voltage due to the voltage 
attenuator placed in the circuit. When the CH61 voltage is 
multiplied by 100, its value lies within 4.8 percent of the 
test voltmeter reading. This is within the accuracy of the 
test meter and the attenuator. The data are shown in Table 
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B.2. Note that the difference between the test meter and CH61 
1s approximately 9.5 volts throughout, implying that the test 
voltmeter, data acquisition system, or both have a constant 


bias throughout the range of measurement. 


Test Voltmeter Difference 





Table B.2. Voltmeter Comparison Data 


Cs QUARTZ THERMOMETERS AND THERMOCOUPLES 


The HP2804A quartz thermometer unit and the 
copper/constantan thermocouples and their circuit card were 
tested in a Rosemont fluid bath calibration unit. The quartz 
thermometer probes were tested in the range of 16° to 25°C 
corresponding to the expected coolant temperature range of the 
experimental apparatus. The data are presented in Table B.3. 
Both probes have a 0.013°C offset compared to the Rosemont 
test unit so the corrected temperatures are 


= T,+0.013 


T4427, 0.013" eee 
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Quartz Quartz 

Thermo Thermo 

(04147) (60459) 
(2c) 





Table B.3. Thermometer Calibration Data 


The thermocouples were tested in the ranges of 16° to 
25°, 48° to 50°, and 98° to 102°C corresponding to the 
experimental coolant and steam temperature ranges. These 
relatively small ranges were selected to give linear fits of 
thermocouple voltage and temperature. Linear fits within 
small ranges provide greater precision than a single 
polynomial fit between large extremes. The test data are 
presented in Table B.4. The linear equations for the 
temperature (T) in °C for given thermocouple voltage (Emf) in 
millivolts are 

a. 16° -< °T <.. 25°C 


Trop = 0-41666 +25.0108Emf 
Toyo, = 0.44389+24.9487Emf eT 
Toyo> = 0.56612 +24.8415Emf 
upg = 0. 49260+24.8951EmE 


b. 48° < T < 50.25°C 


120 





Tonog = 2.3045+23.5630Emf 

Tuo, = 2.2220+23.5630Emf (B.9) 
Toop = 2.6033 +23.3333Emf 

Tuo3 = 2.6267 +23.3333Emf 


Cs 98° «< T < 101.5°C 


Tonog = 7+3400+21.7645Emf 

Tuo, = 8.1396 +21.5278Emf ‘eure 
Toop = 7.7550 +21.5786Emf * 

Toyo; = 7.8057 +21.5900Emf 


D. PRESSURE TRANSDUCER 


The Setra pressure transducer and Heise pressure gage 
were not calibrated because NPS had no facilities to calibrate 
vacuum instruments. According to the manufacturer, the 
transducer measures pressure relative to atmospheric with a 
zero output at atmospheric, a 5.0 VDC output at 14.7 psi 
vacuum, and a linear output in between [Ref. 36]. With the 
apparatus open to the atmosphere, the transducer voltage 
output reported on CH64 of the data acquisition unit was 
zeroed. The absolute pressure (P,4.,) as a function of 


transducer voltage (Emf) is then 


i 


xXdcr 


= =2.94EMT +P... (B.11) 


where P,j., 18 in psia and Emf is in volts. 


cr 


E. THERMODYNAMIC PROPERTIES 


The temperature dependent correlations for saturated 
steam pressure (P), water viscosity (yu), density (p), thermal 
conductivity (k,), and latent heat of vaporization (Agg) were 
obtained from NIST [Ref. 60]. The specific heat of water (C,) 
data used in curve fitting were obtained from Incropera [Ref. 
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Tcouple 
CH23 


Tcouple 
CH22 


Tcouple 





Tcouple 
CH20 CH21 
(mV) (mV) (mV) (mV) 


Table B.4. Thermocouple Calibration Data 







































3). The correlations as a function of temperature (T) where 


T is in °C are 


P[{KPa] = -3.8075649EF-127T°%+3.8793438E-9T°* + 
1.5145197E£-7 T4+3.33169028-57T2+1.262479E-37T? (B.12) 
+4.6443261E-2T+6 .0209213E-1 


ulkg/m-s] = 1.078869F-18T°-5.0954132E-16T’ + 
1.0329146E-13 7° -1.1878223EF-117°+8.736755£-1074(B.13) 


-4.512923E-877+1.8275094E-6T*-6.3745948E-5T7 
+1.80019E-3 
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pl kgf m*] = -8.6244597E-12T°+3.9067797E-9T°- (B44) 
7.6318631E-77°+8.8129446E-5T? -9.0737942E-3T? 
+7 .0640968E-2T+999 , 81032 


k, (W/m-K] = -5.1282051F-12T°+1.8735431E-9T* - 


2.3712121E-7T?+3.0282634E-6T2+ (B.15) 
1.8883438E-37T+0.56103333 


h,, [J/kg] = -9.6917486B-7T5+2.3213696E-4T*- (B.16) 
3.0487402E-2T? +1.0148364T? -2370.04737T+2500519.7 


C,{J/kg-K] = ~-4.8411511E-8T°+1.529196E-5T4- (B.17) 
1.8467209EF-377+0.1145064T? -3.4314517+4216. 853. 
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APPENDIX C. PROGRAM DRPALL 
A. INTRODUCTION 


The data acquisition and reduction program DRPALL is 
written in HP BASIC code. It was used by O’Keefe [Ref. 3], 
Swenson [Ref. 32], Long [Ref. 34], Cobb [Ref. 6], and Meyer 
(Ref. 2] to store and process data from experiments conducted 
on noninstrumented tubes. Although functional, it contained 
minor arithmetic errors, was inefficient, was poorly 
commented, and so was completely revised. The logic was 
restructured to improve efficiency. Processing time was 
reduced from approximately five minutes to one minute. The 
Same data sets were processed with both versions to assure 
that the restructure did not affect the results. Liberal 
addition of comments improved program readability. 

The reference for the temperature dependent 
thermophysical property correlations in Meyer’s version of 
DRPALL was not noted. These were replaced by the latest 
correlations from NIST [Ref. 60]. Little change in 
thermophysical properties was noted. A comparison of Meyer’s 
correlations for the saturation pressure, viscosity, density, 
thermal conductivity, latent heat of vaporization, and 
specific heat of water with the NIST correlations showed small 
differences of 0.1, 1.8, 0.05, 0.8, 0.13, and 4.0 percent 
respectively in the experimental range. 

The original computer code calculated the axial fin 
effeciency incorrectly. From equations (4.14) through (4.17), 
the M component of efficiency is 


a i (C.1) 
:s k,A- 


the inside fin perimeter is 





P=nUD., (C.2) 
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and the fin cross-sectional area is 


A = + (Dg - Di) (C.3) 


In Meyer’s version of the code, the fin perimeter is 
calculated as the sum of the inside and outside perimeters 


P = n%(D;+D,) (C.4) 


and the axial fin cross-sectional area is calculated as 
A = %D-D;D3 -D,Dj +D}. (c.5) 


These errors were corrected during program revision. 

The new code contains options for data acquisition, 
processing, and printing, merging and copying files, and 
checking the operation of the electronic sensors. The most 
recent instrument calibration curve fits from Appendix B were 
included. The program logic follows the development presented 
in Chapter IV. Features of the program not previously 


discussed and the program listing follow. 
B. CALCULATION OF MASS FRACTION OF NONCONDENSIBLE GASES 


The mass fraction of noncondensible gases (i.e., air) in 
the apparatus is calculated by comparing the temperature 
dependent saturation steam pressure with the actual system 
total pressure. The total mass of gas in the apparatus (m) is 
equal to the sum of the masses of steam (m,,,,) and air (m,,-_). 
In terms of the mass fractions of air and steam, 


Mair =1- Neem (C.6) 


Mm Mm 





From thermodynamics, the mass fraction is related to the 
volume fraction (V;) and molecular weight (MW) by 


Mem am Ve, stat4Woem (C.7) 
Mm Ve, stn“! Wstmt Ve, airMW,ir 
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According to Dalton’s law of partial pressures 





Pair*Pstm = P (C.8) 
or 

Pair =1- Pgem (C.9) 

P D 


and according to the ideal gas law 





Pair 
Seas — V. P (cC.10) 
PR f,aixr 
and 
SEE = Ve, ot (C.11) 


Substituting equations (C.2), (C.4), (C.5), and (C.6) into 
equation (C.1) yields the mass fraction of noncondensibles 





Mair _ PsenltW sem +1 Ps (C.12) 
m (p= De) MW.iy 


where p is the total pressure measured by the transducer, Dos; 
is the saturated steam pressure determined from the measured 
steam temperature, MW,;, 1s equal to 28.97, and MW,,,, is equal 
18.016. 

While theoretically correct, unrealistic mass fractions 
were calculated by this method during experimentation. The 
mass fraction of noncondensibles ranged from -7 to -10 percent 
during vacuum conditions and 0 to -2 percent for atmospheric 
conditions. Similar discrepencies were observed by previous 
researchers [Ref. 42]. The negative readings could have been 
due to a bias in the pressure transducer or a lack of 
precision in reading the atmospheric pressure from the mercury 
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barometer. Due to the high density of mercury, it provides a 
wide range of pressure measurement when used in a barometer 
but does not yield the precision found in barometers of lower 
density fluids. Nonlinearity in the pressure transducer could 
explain the difference in mass fractions observed between 
vacuum and atmospheric test conditions. Because the 
transducer pressure is measured relative to atmospheric 
barometric pressure, any test pressure measurements in this 
range would yield minimal error. As test pressure diverges 
from atmospheric, nonlinearity would increase the difference 
between measured and actual pressure, and yield greater error 
in mass fraction calculations. 

Because neither the pressure gage nor the transducer 
could be calibrated, the exact cause of the erroneous mass 
fraction calculations could not be determined. All trials at 
the same pressure condition produced calculated noncondensible 
mass fractions in the same range. For each trial, the vacuum 
pump was operated for at least ten minutes after boiling 
occurred and before any data was taken. Whatever the precise 
amount of noncondensible gases in the system, they were 
assumed small. 

C. CORRECTION OF AVERAGE COOLANT VELOCITY FOR HEATEX 
INSERT 

Average coolant velocity (v,) through the test tube is 
calculated from the coolant density (p), tube inside diameter 
(D.), and mass flow (m) obtained from the rotameter 


1 
calibration fit in Appendix B where 


4m 
Vy = 2° (C.13) 
wpPD; 





Because the HEATEX insert reduces the cross-sectional area of 
coolant flow, a correction must be incorporated in equation 
(C.8). The volume of water held by a tube with an insert 
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installed was compared to the volume of water held by the same 
tube without an insert. The tube with an insert contained 
approximately ten percent less volume resulting in a cross- 
sectional area reduction of 9.18 mm. The equation for 
corrected coolant velocity is then 
vy = ——____*_____.. (C.14) 
p[(mD;/4) -9.18E-6)] 

Meyer and previous researchers neglected this correction 
and consequently underestimated the coolant velocity by about 
ten percent. Their lower velocity yielded a lower Reynolds 
number, a lower inside heat transfer coefficient, and shifted 
the modified Wilson plot to the right. Shifting the modified 
Wilson plot to the right, reduces its intercept, and yields a 
falsely higher outside heat transfer leading coefficient. 


D. CORRECTION OF HEAT TRANSFER AND LMTD FOR VISCOUS 
HEATING 

At higher coolant flow rates where the temperature rise 
due to heat transfer is minimum and that due to fluid shear is 
maximum, viscous heating can account for up to eight percent 
of the total coolant temperature increase. To improve 
accuracy, the viscous heating effect must be subtracted from 
the coolant outlet temperature when calculating the log-mean- 
temperature difference (LMTD) and the overall heat transfer 
coefficient (U,) in equations (4.3) and (4.4). 

To determine the amount of frictional heating that occurs 
as a function of coolant velocity, the coolant temperature 
rise was measured with the quartz thermometers at various flow 
rates through a 13.1 mm I.D. stainless steel tube with a 
HEATEX insert installed. Although the temperature difference 
between the apparatus and the coolant inlet was less than 
0.08°C, the test tube was insulated with a rubber sheet and 
the apparatus was placed under a vacuum to minimize any heat 
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transfer between the apparatus and coolant. The data are 
presented in Table C.1. A curve fit of the data yielded the 
following quadratic expression for temperature correction due 


to viscous heating (T.,,) for a given coolant velocity (v,,) 


24.670V.-6.6468v.-5.0103 
Gens = ————— a (C.15) 


where T.,, and v, are in the units of °C and m/s respectively. 
The correlation is almost identical to the previously used 
correlation. The correction must be subtracted from the 
coolant outlet temperature when determining U, or LMTD so that 
viscous heating will not contribute to the steam to coolant 


heat transfer calculations. 
E. MODIFIED WILSON PLOT ITERATION 


The Nusselt correlation for outside heat transfer 
coefficient is dependent on the outside tube wall temperature 


(T5)- Because T,,, C;, and C, are unknown, an iterative 
scheme is incorporated into the Modified Wilson plot 
technique. Arbitrary values of C; and C, are initially 


assumed. For the given value of C,, an arbitrary value of T,, 
is assumed for each data point and condensate properties for 
computing Z in equation (4.35) are calculated from the film 
temperature (T,) given by equation (4.30) to compute h, from 


equation (4.19). The outside wall temperature is then updated 
using 
qi! 
To = T5tm~ (C.16) 


oO 


and Try, Z, and h, are recalculated with this new value of se 
The process is repeated until two consecutive values of [,, 
converge within 0.1 percent. | 

Once an iteratively determined T,, 1s found for each data 
point, a least-squares linear fit of all of the modified 
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Flowrate | Velocity | Temp Rise 
(m/s) 








| so | 3.364 | 0.022 
| 40 | 2.243 | 0.009 


Table C.1. Viscous Heating Data 


Wilson X-Y data points is found. Updated values of C; and C, 
are then determined by taking the reciprocals of the slope and 
intercept of this linear fit. The old and new values of C; 
and C, are averaged. The entire iterative process for T,,, C;, 
and C, is repeated until the last two values of both C; and C, 
converge within 0.05 percent. 


F. CALCULATION OF AVERAGE STEAM VELOCITY 


Because average steam velocity (v,) is not required when 
using the Nusselt outside correlation, it is determined for 
informational purposes only. It is given by 
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40. 
V,. = eae! ee (C.17) 


2 
T DeonaP sem eg 


where Q:,/Pstmlfg 18 the rate of volumetric production of steam 
and 1D* 4.q/4 $is the cross-sectional area of the test 
condenser. The net electrical power (Q;,) in watts delivered 


to the apparatus is calculated as 


V2 
Qin = Zz ~ L10ss (C.18) 


where V is the system voltage in volts, Ris a constant heater 
resistance of 5.76 ohms, and Q),,, is an analytically 
determined heat loss through the Pyrex piping and insulation. 
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DRPALL <SEORGE INCHECE ) | 
MODIFIED: SEP 1992 (O’KEEFE ) 
MODIPTED: JAN 1993 (LONG) 
MODIFIED: JUNE 1993 <CGEB> 
COMPLETE REVISION JULY t993 (MEMORY 3 

COMPLETE REVISION wee baad { INCHECK ; 
THis HP BASIC ees is ory to.eagllact and precess data for steam con- 
densation on. finned and smocth sae as used by COBB, MEYER, and INCHECK, 
Because the unfinned ends ef tha tubes conduct heat from the condensing 
steam to the internal coolant, they are treated as axial fins in the 
analysis. Aliowance is alse made for both vacuum ang atmospheric 
condensing conditions. Disk filas are read in the format of both 
INSHECK and MEYER. A modified Wilson analysis using Nusselt theory is 
used to find the outsides convection coefficient as described in Briggs, 
Dale E. and Young, Edwin H.,"Modified Wilsen Piot Techniques for 

| Obtaining Heat Transfer Correlations for Shell and Tube Heat Exchangers” , 

|. CHEMICAL ENGINEERING PRO SRESS. 92, Vol 65. An iterative technique is used 
to find the inside convection coefficient and is based on the theory af 
Petukhov, 8.5., “Heat Transfer and Friction in Turbulent Pips Flow with 
Variable Physical Properties", ADVANCES IN HEAT TRANSFER, Vol 5, (197). 
Date and curve-fit aquations fer calculating the properties of water and 
steam were Statues from NBS/NRCO STEAM TABLES (NIST? (1984) and ASME STEAM 
TABLES (19°77 e ormulas for converting the raw Gutput of the rotameter, 
tharmocounles,.and quartz thermometers into SI unit measurements were 


6 rl 


n 
obtained during instrument calibration by INCHECK (dun 19947. Thermal 
conductivities sof nae tube metals wers taken from “Thermphysical 
Peooerties af Mats ter”, TPRC DATA SERIES, Voi 1. 


Dictionary of Gacievites 

A - Cross-sectional area of tubs (m“2}. 

Alm - Nusselt coefficient. 

Aip - Outside heat «far leading coefficient. 

Alpe - Iteratively debecn ined flo. Comeared to Aip to tast for 
convergence. 

Alosm - Nusselt coefficient for a smoath tube. 

Areecorr ~. Tube inside x-sectional area loss due to neatex insert (m 

Array - An array for storing Ti, T2,. Md, Tsteam during Wilson analysis. 

Bamp - System current. 

Bower - System powar (XW. 

BSyol ~ System veltage (Vi). 

Cerr - Absolute error between Ci and Cic Usac to tast convergence. 

Ci - Inside neat transfer leading coefficient 

(ic - Iteratively determined Ci. Compared 


¢ 


Cocw - Spacific heat of cooling water (J]/kg-K>. 


Or Yo 


o Ci to tast for canvergence. 


{fof ~ Specific heat of candensing film id/kgn-k>.. 
Ci - Constants in the function FNPvst. 
C2 Constants in the function FNKfg. 
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C3 - Constants in the function FNMuw. 

C4 ~ Donstants in the function FNRnow. 

CS - Constants in the function FNKw. 

CS ~ Constants for function FNTvsv5e. 

C7 ~ Constants for.function FNTvsv57. 

C& - Constants for function i een 

C4 - Canstants for function FNrhosta. 

C18 - Constants for funetian ae 

Cit ~ Censtants for function FNTcpw. 

eon - Inside diameter of the test condenser im?. 

Ddd ~ Dummy variable. | 

Deltdi?f - The difference in readings between two temperature sensors. 

Di- Inside diameter of tube (m). 

Nrcot - Root diameter of finned tube or O.D. of smocth tube (m?. 

DH file$ - Read/write data storage file. 

Em? - An array that.stores thermocouple voltages. | 

Eg - Enhancement ratio fer constant heat flux across the concensate film 
for a finned tube vs smooth tube. 

E% - Enhancemant ratio far constant tem mosrature drop across the ccondensate 


film for a finnad tube vs smooth tube. 
Etran - Condenser. pressure trans ducer voltage reading imV>. 
Fel - Axial fin efficiency for. tube inlet langth. 
Fe2 - Axial fin efficianay for tube outlet length. 
Fho- Fin height (m?, 
Fm - Cooling water flow neacured py rotameter foet?). 
Fs ~ Fin spacing (m) | 
Fu ~ Fin width (m? | | 
Hig = fe ent heat of vaporization for saturated weter evaluated at 
aturation tamperature (J/kq?, ; 
Hfof - Seca heat of candansation for saturated water le oer at film 
temperature plus the effects OF. thermal advection ( d7 G2 
Hi - Inside heat transfer seefficient (W/m?3-K }. 
Ho ~ Outside heat transfer coefficient (Wim*2eK }. 
Hoavg - Average cutside hgat transfer apefficient Cee 2K ts 
Ifg - Tube type flag. © . : 
Imc - Tube material flag. 
Iname - Experimenter name Daa: 
Topt - Subroutine option flag. 
Inc ~ Experiment pressure flag. Also indicates the temperature range for 
selecting the proper thermocouple corralations. 
J - Loop counter and array subs areet | 
Key - Thermal conductivity af esql ing water CW /MHK). 
KP — Thermal conductivity of Film (Wém-Ki. 
Km - Thermal conductivity of tube metal iWrm-K >. 
L - Tube condensing length fm)s 
imtd - Log mean temperature difference idegh), 
1 - Tube inlet end length (m), | 
1? - Tube outlet end length im?. 
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i@5@! M - The "m" component of fin afficiency ti’m, 

1878! Md - Cooling water mass flaw rate (ka/s:. 

(228A! Mfng - Molar fraction of nom-condensible gases. 

1@98! Mucw - Viscosity of cooling water (kg/m-s?. 
1100) Muf ~ Viscasity of film ékg/m-s). | 

it@! Mung - Molar weight of air. 

123! Mustm - Molar weight of steam. 

New ~ Nusselt function for outside heat transfer on horizontal smooth tube 


no St a a ee 
< {>} r-.} 
G3 


1346! Neun - Number of data runs. 

116@! Ntercent - Intercept of the medified Wiison oiet line. 

11601 Qk - User anption flag. | | 

117%! Gmega - Petukhov's Nusselt number. for inside: heat transfer. 

112@' P - Tube inside perimeter (nm). a 

(180! Patm ~ Local atmospheric pressure iin Hoi. 

1290! Posge - Uendenser oressure from gage (nFa. 

fZ1A! Bok! - Constant Ki ir Petukhov’s raiation. ’ 

1220! Pok2 - Constant. K2 in Petukhov'’s relation. 

1Z25@! Ppl - Numerator in Petukhov's relatidén Nu=?iRe Pr). 

1246! Paz Denominator in Petukhov’s relation Nu=f(Re,Pr?. 

1259! .Prew.~- Prandtl Namber of cooling water. 

1260! Psat > the saturation sressure of steam given saturation température ikPa. 
127@! Pxder - Condenser pressure from transducer (KPa). 

1286: Q Heat transfer rate to coolant (J/s). 

129@! Qloss ~- Approximate heat loss in the test apparatus steam piping Wh. 
t32@! Qo ~ Heat flux to coolant (J/m°2-s). 

1318! Qpavg - Average heat flux to coolant (J/m*2-s?. 


{320! R - Regression coefficiant. 

133@! Rei - Reynolds Number of caoling water through a circular pipe. 
134@! Rhof - Density of film (ko/m"3). 

1352! Rhocw ~ Density of cooling water. (kg/m°S).  --. 

1260! Rnostm - Gensity of saturated steam (kg/m°s?. 

1379! Rm - Wall thermal resistance (M/W). 

138@!1 Slope - Slone of the modified Wilson plot line. 

139@! Sse - Used in linear regression analysis. 

{44@! Sxx - Used. in linear regression analysis. 

{4191 Sxy - Used in linear rearegston analysis. 

1428! Syy - Used in Linear regression. analysis. 
1432! Sumx - Sum “an 

1448! SumxZ - Sum of X*2, 


458! S$ 

1469! Sumy - Sum of ¥. 

$470! Sumye SumcoF YZ. 

1480! Tavg - Average cooling water tanperaturs (dagt>. 

149@i Toor - Teamoerature rise- HF. eueiant due to viscous neating of internal 
DUS ! ' flow (deg l>. : ee 


1S5i@! Temp - Temporary variable = 
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Tfilm - Tamperaturs of. Film ‘dagt). 

Tin - Coolant water inlét-+emperature as measured by thermocauple (cegt). 
Tout - Coolant water cutilet ¢emp AS Measured by tnerm noeeup te (degli, 
Trise - Delta T of coolant after sumtracting viscous heating effect (degC? 
Troom - Temoerature of laberatory ¢degl), 

Tsteam ~ Temperature of steam -in condenser (degt? 

Tsteam! ~ Steam temperature measurad by Art thermocouple (degl?. 

Tsteam2? - Steam temperature measured by Nr2- tharmocouple idegt?. 

Two - Tube outside wall temperature idegl?. 

Twoc ~ Iteratively obtained wall tama. Gompared to Two for convergence. 
Tx? - Temperature drop across the conc dameate Tilm (deal), 

Txfavg - Average temperatures dros asrose the condensate film (degl}. 

Ti ~ Cociant inlet temmerature as measured ay giz thermometer (deatl?. 

7? ~ Ooolant outlet temperature as measured by giz thermometer’ deg). 

Uo - Overall heat transfer cosfficiemt iK/iW?. 

Vapvel - Approximate steam vapor velacity (mes). . 


Vow - Cooling water average vatocity imés)s 

UF - Cooling water volumetric fiow ¢m’ Zé), 

Vfrg - Volume fraction cf nonmeandensible gases 

X - Independent variable in funetion ¥#=f(X>. : ead for curve fitting by 
least squares méthod. aos ; | 


Xi - Greek "Ki" in Fatukhoyv’s equation Nuet (Re ,Pr?. 

¥ - Denendent variable in. funet sen’ ERC KGL: Usad for curve fitting by 
least squares method: 7 

Ybar ~- Mean Y. 


COM /Vst/ Cit6) 

COM /Hfa/ C2¢5) 

COM /Muw/ C328? 

COM /Rhow/ C4(6} 

COM /Kw/ CS(S> 

COM /CcSB/ CBlS> 

Com /CeS7/ C765) 

COM /CcBS/ C8(S> 

COM /Rhostm/ C9¢9> 
COM /Tcoouple/ C183; 


COM /Cow/ Cii¢S) . 4 , 
CoM /Eld/ Iname,1?g9,Gi ,Sroot ,Imc km .Fs,Fh,Fu,fopt ,Nrun, Patm,Ipe ,Bowr ,Vapve 


Read funetion constants. | 
DATS -%.38875643E-15 (O.38795438E-19 ,5.15146197 ~§ 8. 553159@2E-8 
DATA @.4262479E-4 a. 484432 BiEs5 ,8.88209213E-2 


READ Ci(*3 
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el we i op ie oi as Boa. 
ma > =p mb 
“Pp 


READ 
DATA 
DATA 
READ. 
DATA 
READ 
DATA 
READ 
PRINT 
Patm= 
PRINT 
PRINT 
PRINT 
INFUT 
Patm= 


BEEF 

PRINT 
PRIN? 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
INPUT 





2, 1O7GSG9E-11 ,-2, S99S41SZE-G 8. 1IZSIAGE-S ,-O. Vi S7B2250-4 

@. 273S7SSE-3 ,-B.4512923E-1 ,B.ISZT7SOS4E! ,-2.S274594GE2 9.1801 TEs 
Ga(#) 

~@, 8S244597E-11 ,@. S92S7797E-S ,-O. PASI SSSIE-G ,B. 8812 9446E-4 

0. 3073 7942E-2 ,2. 7AG436EE- i , 3, 28991887263 

Cate) 7 oe - 

“g.S12B2OS1E-8 ,2. 187SBABIEFS.,-8, 237 121218-3 

@.392S2GS4E-~2 ,B.18882438E1 ,8.5518S350R9 

C5) A : 
273.15,2.58788-2 ,-5.98S5E-7 ,-3.1242E511 1, 527SE~14 ,-1 OtSbe-ie 
Cat #) : 

273.15 ,2.5923E-2 ,-7. 59S5E-7 ,2.86258-11 1. 9717E-15,-2.2486E-1¢ 
C7(#) , 

275.15 ,2.S931E-2 ,-7.S2328-7 4.965 7E-11 j-1 27S1E715 6. 4402-28 
Cals} : 
Q.B4464496E-11,. 224471 558-8. VE911252E-B,. 1 2BE464E-4 
.B1822098E-3 , .483536255~2 

COC +} 

25681297 ,-.61954669,,.221¢)6448-} ,-. 58508Se- 


ciate) mo 
~4,G411511E-8.1.52919GE-S ,-1 . S487209E-2, <7 145064 3.451451 4215. 852 
rae 3 , ees | 

ER Is | 

33.96 | in Hg 

USING “4X ""IF TAKING DATA QR OPERATING SENSORS""* 
USING "BX ,“"ENTER ATMOSPHERIC ARESURE -Cin-Hg)""" 


C 


Patm a 
Patm/2.@41795 fin Hg to msi - 


act desired program option. 


ER.1S | 

USING “4X ,“"SELECT OPTION: *"" 

USING "BX,""@ EXIT PROGRAM’ "" 

USING "BX."*i CHECK REMOTE SENSORS 1" 
USING "6X,""2 TAKE DATAn*" ae 
USING "BK ,""5 PROCESS. BATA""" 

USING "6X,""4 PRINT RaW DATA"*” 

USING "5X,""S MERGE/CORY DATA SILES#" 
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7A7H $+ Tf merce file option selected sali MERGE, 
27480 IF fost=& THEN | i 
2498 CALL Merge 

2588 GOTO 2322 : 


“54% | sensors, and display readings on screen. 

255@ IF isost=! THEN 

2058 BEEP 

2570 PRINT USING “4X ,""SELECT APPROXIMATE TEMPEPATURE RANGE" "" 

2582 PRINT USING “SX ""@ 48 - 528.5 degft""* 

2598 POINT USING “BX.°"! 98 - 1@Z. degf"”” 

2830 PRINT USING "GX ,""2 16 - 25 degC ""” 

2512 SSINT USING “6K ,"°3 Other"'" 

2628 INPUT Ips | 

2538 CALL SensoriT! .T2,Tin, Tout ,Tsteam! ,Tstaamd ,Troom ,Pxdor ,Svol ,bamp! 
2b4e Pxder=Pxder/.8947 

2552 Tsteagm=(Tsiteamitistean2 t/2. 

2056 Psat=FNPyvst(Tsteam)/6.3947 

267 Bowr=Bvol°2/5.76E+3 

2580 PRINT USING "22K ,“"SENSOR CHECK" "4 

27598 PRINT 3 | 

2728 PRINT USING “2k "°C Tin T2 Tout Tstmt Tstm2 Troom’”” 
2718 PRINT USING "1X,"“"“idegCl? (degC) (degC? ‘deat: (dego) (deg) (degO d*" 
2728 PRINT _ | 

2739 PRINT USING "1X 4(DD.00 2X) ,2(30.00,2X) OD. Q0":Ti Tin, 72 ,Tout ,Tsteam! ,7 
steame ,Troom oo Se 

274.8 PRINT | 

2752 PRINT USING “fX,°"Pxder Psat Moltage Pouer"®® 

276% PRINT USING "1X ,""(psi) (msid CUD a ae laa 

2772 PRINT 

2788 PRINT USING "t¥ 2(0D,00,4X?,30.0,4X% 0.00" sPader Psat ,Bvol ,Spwr 
2792 PRINT a wn 8 9 a < 

2802 BEEP 

2812 PRINT “PRESS ‘CONTINUE’ TO CONTINUE PROGRA&R” 

2822 PRINT aie 

2858 PAUSE 


2862 i For ather cptions, read operator end tube identification data. Cali 
27873 $ required subroutine. 

2889 BEEF 

2899 tname=8 | 

2320 INPUT “ENTER STUDENT’S NAME (@=INCHECK-Defaulé ,1=MEYER?" ,iname 
2310 - Topt=2 GR Iname=i THEN 

2392@ BEEP 
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2930 
2549 
2950 


cub@ 
2972 
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eeate oe 
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wi 
S 


tl GY GH tt ON Cd fet Gt GO) Gt ©. 
RP Obits Gl Ol Of O! tS bl ON & 


so 1.0 am ~jy min B GM 
MeoqgosAaAVsge VB es 


PRINT USING “4X ,""“Select Material Code: 
PRINT USING "6X ,""@ COPPER 1 STAINLESS 
PRINT USING “SX "°2 ALUMINUM 3 9@:1@ CUsN 
PRINT USING “SX,""4 TITANIUM """ | 
PRINT 

INPUT Ime 

BEEP 


wot in 


BEEP . 
TNPUT “ENTER TUBE INSIDE AND ROOT DIAMETERS cmm>" Di Groot 
Fi=Di/i Gee. 54 
Dreot=Groot/iG9a.3 : 
END IF 
IF Tont=35 OR Tont=4 THEN 
Nrun=14 
BEEP 
INPUT “ENTER NUMBER QF DAT 
END iF 


C&LL Takedata 
CALL Frocese 
PALL Raw 


iF Iopt=2 THEN 
IF lopt=3 THEN 
THEN 


f Return 
GOTO.2329 
PRINT "HAVE - 
PRINT 

ENDS 


tq main menu. 


t NICE DAY si" 


on takes the saturated temperaturs 
saturated pressure [KPal. 


FNHF gt T) 
function takes saturation temp ee of 
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A SETS STORED (DEFAULT=142° .Nrun 


Fdegfd cof steam and 


ater and returns latent 





a road 
mw ~j Out MS «Db oH -~I 
Sa gy ea & 


ut 
fe) 
SS) 


bl td tA G1 Gi OF OG GI Gi Ge Gi tf C4 Gl 
aia ut ot oi ot cn a ot & 


ay oF 
BGR 


mm 


3838 
484@ 
3858 
S862 
3870 
SE8¢ 


t heat of vaporization [4 
COM /Hfig/ CZtS: 

HF g=02(@ 

ee t=! TO 5 

Ufg=Higer+GZi 2: 

NEXT. i 
MigsHfo*} E+ 

RETURN Hfa 

FNEND 

| 

DEF FNMuw! 1? 

i This function takes 
f viscosity Cka/m-ad. 


COM /Muw/ 0348) 

Mu=C3t@) 

FOR IT=1 TO 2 
Mu=MutTtoa¢ i? 

NEXT I 

MusMue i EO 

RETURN Mu 


FNENO 
| 
ou 
DEF FNCow(T) | 
i This function takes satura 
{ ssecific heat (I/kg-K]. 
COM /Cow/ CiicS> 
Co=C!1¢@) 
FOR I=1 TQ 5 
Co=Co*TtCli( 23 
NEXT I 
RETURN Ce 
FNEND 


(3 

a 4 

a oS 

a3 

— 
~w- (3 
€ 

~~ 


gaturatian temperature gf water 


» We 


tion temp of water Ede 


‘ he 
~ ‘ * 


¢ <7 wee 
7 f] : 
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and returas gen 


3898 
3390 


331 
3929 
3938 
3940 
3958 
3959 
4972 
398 
3939 
AGQ0 
401 
AQ28 
4930 
AQ4O 
4050 
£260 
4972 
4080 
4090 
A122 
aiid 
4120 
4130 
4442 


fe pes 
sj 
o 


rf | Ff 


i > Ct 
am & 


$x 


RoeRoat+CatT ) 


NEXT = 
RETURN Ro 
FNEND 
| 
OEF FNPrut tT) aha 
t This function takes water tenme 
| | 
Pru =PNCow( Ti#PNMuw( 7 SF NEWT D 
RETURN Pris 
PNEND 
DEF FNKw(T } oe 
i This function takes watar tanmp 
| coefficient [W/m-K]. 
CGM /Kw/ CSS) 
Kw=CS¢@ > 
FOR T=t TO & 

KyeKiwt TtOS< 1) 


NEXT I 
Kw=kKustt.E-3 
RETURN Kw 


ENENG 
ts 
| 
BEF FNTanh¢X ) 
! This function computes the 
ae 
P=EXP(X } 
QHEKP(-X >. 
Tanh=(P~-G s/t P48) 
RETURN Tanh 
FNEND 
{ 
| DEF FNTvsvS86V > 
4 This function takes MEYER thar 


COM /Cc56/ CBE(S) 
T=CH(Q) 
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thermal comductivity 
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4529 
4612 
4620 
4530 
A642 
465¢ 
4662 
467@ 


FOR I=1 79 5 
T=T+OR( Teel 

NEXT I 

T=T-273.15 

RETURN T 

FNEND 

DEF FNTvsvS70¥ >? 

: This function takes. MEYER 

} 

COM /CcS7/ C765} 

THOFCS > 

FOR T=] TG 5 
TaT+O7 CT ped 

NEXT f 

T#T-2735.15 

RETURN T 

FNEND 


{ 
i 
DEF ENTvsv58(V} 

i This function takes MEYER 
| 
COM /Tchs/ CBi5) 


thermocouple volta 


Wa 


DEF FNTFric(Vcw) 

{ This functien takes coolant velocity tmési and retu 
{ water temp [degC] due soleiy $o-frietional heating 

| flow. This increase was determinsd By curve Fitvon 
| obtained by circulating codkant at velosities rang) 
i m/s through tubes of 1.0. 12,14 t9 15.44 mm with HE 


Tcoor=2.466 
RETURN Too 
FNENG 


i 


GS74E~-SeVow* 2-8. 648758 9E-44louce 
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the increase in 
he internal 
& tamo rise 
rom ?.{ to 4.3% 


- weer 


ht POM Ay Fe iets em. - 


4ABsG 

494g i 

4850 ! 

A86@ SUB Heading 

4879 | This subroutine prints headings raguired fer the Takedata, Process, and 
43S@ : Raw subroutines 

4e36 =! , 

4990 COM /Fid/s Inama ,i fg Di ,Droot ,Imo km Fs Fh, fu,loet Neun, ratm,iss ,Bowr Vaove 
Lod | . 

4919 PRINTER 15 723 . 

4922 IF Iname=9 THEN PRINT USING “{@x .""Qata taken By: INCHECK""' 
493@ IF Iname=i THEN PRINT USING “i@x ,""Data taken by: Meyene 
494@ IF Ifg=@ THEN PRINT USING "tax .“"“Tupe typei SMOOTH TUBE” 
ie 

4956 IF Ifg=t THEN ; 

4582 PRINT USING "1X," * Tube bypei . RECTANGULSR FINNED TUBE 
ee 

A97@ PRINT USING “10X .""Fin spacing, width.» neight: TO Dl cek.2a0G.ecse oo 
it Cem "Fs Fu Fr ne re oe 

4389 END IF : 

4992 IF Imc=@ THEN PRINT USING "1@X,“"Tube material: COPPER*** 
5806 IF Imc=} THEN PRINT USING "10K ,°"Tube material: STAINLESS-ST 


EFeL Li 


S31@ TF Ime=2 THEN PRINT USING ide "““Tubes material: ALUMINUM?" 
5@2@ IF Imc=3 THEN PRINT USING "1@X ,“"Tube material: S@/i1¢ CU/NI" 
5@3@ IF Imc=4 THEN PRINT USING "1@X,""Tube material: TITANIUM ©" 
S@4@ IF Topt>Z2 THEN PRINT USING “1@X ,"““Thermal conductivity: me Se. 


(iW sm-K >” Uy "4 ° ; 
525@ PRINT USING “1{@X,°"Inside ciameter: "' PH.ODB "mm d'' "yOi#l gd 
QQ. 7 

506@ PRINT USING “1@X ,""Root diameter: "" GB.00,"" Camo" ""sDrcoat 
#}OG80. 


SQ70 IF Ipc=@ THEN PRINT USING “1@X,""Pressure condition: _ vacuUM"?" 
538@ F Ipsc=! THEN PRINT USING “10X,""Prassure condition: ATMOSPHERIC" 


5230 iF Lopt=2 THEN 
538 PRINT 


5118 PRINT USING “SK ""Inlat Temp Steam Xducer Sater 

ation’ ”" | 

S128 PRINT USING "1X ““Ficw Temp Rise Tema Volts Press 
Press Ming""” 

5'3@ PRINT USING “tX,""{pet) degl? (degl) ‘(degt) Coy. | fosi} 
(osid {pote 7 

5142 END IF 

515@ IF fopt=3 THEN se 

516@ PRINT USING "10X,"“System (powers "",BO.OG 18 CRW" "$s Bp 

Wir es 
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5t¥2 PRINT USING “1@X ,"““Stdam velocity: we Deo AMS 
anvel 
5130 PRINT USING VOX "This analysis includes end-fin effect" *" 
5130 PRINT USING "{@X,""HEATEX ifisert installed in tube"" 
5700 Tf L?@g=1 THEN a 
5218 IF Iname=9 THEN 
S228 PRINT USING "Lax, “TEANANCEMERT S based on comparison to Inchack sm 
acth tube datat”™" 
$2350 Picoe 
5248 PRINT USING “i@X t"Emhancements based on comparison to Cobb smoot 
h tube data’’” 
5256 END IF 
5288 END iF 
5278 END IF 
S28@ IF foot=4 THEN 
525¢ PRINT 
S3ae PRINT USING "Lik ,""“Room In Quiigt Steam Gage Xducer"”’ 
5318 PRINT USING "SK ,""Fiow Temp Temp Temp Temp Press Fress 
Yolits Gurrent’’* 
5328 PRINT USING "4% ""Cnet) (degl? (degt) ‘¢deoC) (dego) (“Pa ) (KPa) 
GS ee 
33@ END IF 
52340 PRINT 
S352 SUBEND 
5360 ! 
S378 | 
S388 } | 
S39@ SUB Sensor(TI ,T2,Tin,Tout ,Tsteam! ,i om Pxder ,Bvol ,Bamp? 


; Lime 
S40Q ! This subroutine reads the HPZ8@4A quartz thermometer, Setra Medei 204 
S41@ : oressure transducer, and tne unit thermocouple voitages and converts 


S47Q@ | these to usable SI unit measuraments. Readings are taken 5 times over 
5430 approximately 3@ seconds and averaged. 
S449 


Bi am, 


S45@ COM /Fld/ Iname,Ifg,0i ,Droot ,Imc ,im,Ps ,Fr.Fw,fopt .Neun, Pat m,lee ,Bpuwr ,Vaove 
S46@ OM Emfi4) 

547@ PRINTER 15 i 

548@ Ti=9. 


sS@@ Emf i Gd=@. 

S510 Emf( id=, 

5522 eEmriZise. 

5530 Emfi 3 o=G. 

5540 emt 4G. 

S552 €Etran=2. 

5568 | 

S578 ! Read system voltage and current (V and A). 
SE8@ OUTPUT 709;"AR AFS? ALSZ VRS" 
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BEEP 


5620 
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5 from quartz 


foutlet temp 


irmlet 


{ij 
tl 
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i | 
}~ 
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WAIT 4 


77Q 


ee 


in: 


~ 
& 


ranscucsr. 


‘fa Se" 


ot 


1m 


OUTPUT 78 


5&59 
S56¢ 
S87e@ 
58S 


Etran=Etrantfemp 


{ Read steam, cooling water, and raam temp thermocouple voltages (mV). 


fy 


5392 


3 


3@ 


53 


5349 - 


NEXT 


5950 


ad 


nt 


8 


4 
? f 
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Em? (3 }=ABS( 
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6979 fF Ipce=@ THEN fApprox §@ degt range 

G@8o Tsteami=2.222+(23.583: eEmeC OS | 

5090 TsteamZ=2.5267+(235 . 3353S*emPi de) 

61@2@ END IF 

Eit@ IF fIpc=i THEN (Approx 120 degl range 

£129 Tsteaml=8,13964(21.S27s+em re} : 

E13¢ Tateam2=7 .SOS7+( 21. SGaEm ala) 

ei4%@ END IF = , 

6'5@ IF Ipe=S THEN hAmbient temper tur # 

615 Tstaam!=. 44389424, 948 7#EmF( S }) 

6178 Tstaam2=.4925+(24, 895 14imti4)) — 

613@ END IF s 

6190 IF tpac=3. THEN iSl1 other temo ranges 

6298 Tsteaml=FNTcouple(Emfi@)> 

6279 Tsteame=FNTcounlsi Emti 43> 

6226 ENG IF : 

6230 Deltdif=Tsteamt-Tsteame 

6248 IF ABS(Delidifi>.i THEN . 

6252 PRINT USING “4X ,""STEAMSIDE TCOUPLES QIFFER o¥ “",DD.0,°° degf""" ;Delta 
if 

S26@ PRINT 

§27@ END IF = 

52786 Tin=.566i2+624.8415+Em ane 

6290 Tout=.41686+{25.0108+Emr{2}) 

6300 Deltdif=Tout~-Tin-T2tTt 

631 IF ABS(Delidif)>.@5 THEN 

6329 PRINT USING “4X ,““QUARTZ THERMO AND TCOUPLE DELTA-~T DIFFERS BY “° ,0D.DD 
** Heal’ *"sDeltdif 

6339 PRINT 

6346 END IF 

635@ Froom=FNTcouplel Emfi37) 

63569 SUBEND 

53578 | 

6330 | #, 

6396 ! ; 

649@ SUB Raw 

G641@ 1 This subroutine prints the raw data abtained fram INGHECK or MEYER 
642@ ! experimentation. | 

6430 ! 

6440 COM /Fld/ Iname,Ifg.Di ,Droct ,Imc Mm Fa FF TEP Neun ,Patm pe ,Bowr ,Vapve 
} | 

6459 OM Emf(2@) 

6462 BEEP 

S47Q INPUT "GIVE THE NAME OF THE RAK DATA FILE” OD files 

6480 ASSIGN File 7G D_files - 

64929 PRINTER IS 791 | | | 

6520 PRINT USING “8x .""Program Hams: | - ee 

SS1@ PRINT USING “19% ""Raw data stored on filge.. "" TOA":D files 
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TER OFile;@vol ,eamp, Dad . Fm, T1.,T2 ,Pgage ,Px 
teamt=FNTveva7( Emit doe ‘ 
veamg=ENivevae(emh(is) 
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ar} 
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am= ee caw ee ; 
1=BVG1¥100.9 | . 


Oh --4 a v4 


. Pt=Pgage ae 
P2=Pxder °C . . lee, 
Hi 2000 3%), 3000.0 DD 3X) ,4(30,0,3X),0.00°s0,Fm,troom,7! te, 


NEXT 

ASSIGN SFile TO * 

SUBEND 

i 

I 

SUB Takedata 

| This subroutine records data obtai 


‘ned from the experimental apparatus 


Jims , Km iF JNrun,Patm,ipc ,8pur ,vapve 


Iname ,T?g@ Di ,Broat s Fh ,Fu,to 


INPUT “GIVE A NAME FOR THE RAW DATA FILE" OG Files 

CREATE BDAT B_files ,22 2 

ASSIGN @Fils TO O_files 

PRINTER iS 78! : 

CRINT USING “10X,""°Frogram Name: DRPREL 

PRINT USING "1X "Raw data stored om file: "* 1@4";0_ files 
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ae 


7 Psat/5.9947 Ming» 
742@ BEEP 
243Q INPUT “OK TG ACCERT THiS DATA SET (1=Y¥ ,O=N)7" ,Uk 





536@ ! 
69499 ' Read tube geometry and experimental conditions. 
7086 BEEP | 
7010 INPUT "ENTER GEOMETRY COUE (Q=SMOOTH .1=RECTANGULAR FIND" I fg 
7920 Fre. 
7835@ Fs=@. 
7O4G Fuse. | | | 
7250 IF -Ifg=i THEN . | _ a. 2 7 
7452 BEEP | 
7472 INPUT ENTER FIN SPA CIN , HETS SHT , ANG WIDTH (mmoe" Fs Fn Pw 
7989 END IF | Es 
79398 Write fin geometry, tube material, anc pressure condition to the data 
ie. Aiea ae | 
F718@ OU TPUT @Fi tlerTfs, ime , os 
7118 OUTPUT OFilesFs ,Fu Fa 
7i2@ OUTPUT @File:Di Brock 
7130 .CALL Heading 
7142! | - 
7152 i: Take experimental data theu subroutine BENSOR. By using tha molar 
7168 weights of steam and air, determina the molar fraction of nonconcensi 
7178 } gases in the system. T? the data sat is anvastable, write it to the 
7186 ! data file. Repeat until ali data is recorded. 
7198 Mustm=te.d1e 2 3 
7292 Mwng=28.97 
72i@ J= 
7228 BEEP 
7230 INPUT ee R FLOW AME TER REACING® ,F Fm 
7240 IF Fm<2@. OR Fost THEN 
7258 BEEP 
7268 PRINTER IS 1 | 
7272 PRINT "INCORRECT FLOWMETER READING--REENTER® 
7282 PRINT rs : 
7290 GOTO 7220 
73@@ END. IF 
731@ CALL Sengor(Tt,72,Tin Tat ,Tsteam! I Tsteam2 ,Troom ,Pxder ,Bvol Samp ? 
7329 BEEP — 
733@ INPUT “ENTER PRESSURE GAGE REALL NG (pei?" ,Pgage 
7342 Paqage=Poage*b. SOAF 
359 Tsteam= (TsteamlsTsteand 1/2.0. 
736Q Psat=PNPvst(Tstean? , oe 
7379 Vfng=(Pxder-Psat )/Pxder 
7282 Ming=t./(C1./Ving-i.« i ee Menge ) 
7398 Mfng= =Ming*!90. 
74389 PRINTER [5 7@i 
741@ PRINT USING “2X 00, 24H (30 QD, AX). 40.0"arm, 71 ,T2-Ti ,Tstea ol Pxders oa 
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TF Ok=1 THEN 
GUTPUT @File<Fm,T) ,72,Tsteam Pgags ,Pxder ,Troam vol ,bemp 
PRINTER [5 78} 
PRINT : 
BEEP 
TNPUT "WILL THERE SE ANOTHER OATS RUN i@=YES .1=NG07" Ok 
IF Ok=@ THEN ~~ 
sept 
eOTO 7222 oS Soa 
ELSE : coe " 
Nruns J 
END IF 
ELSE ann 
PRINTER iS 1 
PRINT “THE PREVIOUS DATA SET. WAS DISCARGES! | * 
SCTG 7228 | 
END IF 
ASSIGN OFils TO * 
PRINTER IS 71 
PRINT 
PRINT Nraun,"SATA SETS WERE WRITTEN TG the FILE* 
SUBEND 
me 
SUB Process. 
oe = 


Mis Ssubrout 


t 
Wilson method. Values of the leading ccefficients for the inside ana 
+ 


! outside heat transfer correlations are found using Petukhov and Nusselt 
Caolant velocity, haat transfer coefficients, heat 


i: theory respectively. 
{ flux, and temperature drop.across tne condensing Fil 
! each data point. Curve fit data.for the overall neat 

| coefficient vs haat fliux and film delta-T are orinted. 


m ars printed for 
transfer 


COM /Fid/ Iname ,Ifg,Di ,B ont ,Imc Km, Feskh Fu, lopt ,Wrun ,Paim,ige ,Bpwr ,Vanve 


DIM Arrayi27 62> ,Emf(20} 
GEEP . | is 
INPUT “GIVE THE NAME OF THE EXISTING OATA FILE" ,O_files 
ASSIGN @File TO BD files 
PRINTER IS 7@1 awe 
. DRRPALL?® 
PRINT USING “1@X,"“Raw data stored -on Pile: 
IF Iname=2 THEN we 
FNTER @File;ifg ,imc ,ipo-- 
ENTER @File;Fs ,Fu Fh | 
. ENTER @File;Di ,Broot 
ELSE 
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fe crocesses MEYER or INCHECK data files using tne modified 
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8232 
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8318 
3520 
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name=9 THEN 
F Ipc=3 Tf 
f 


Alosm=.94 


IF =@ THEN : 
{ Alpsm=.35 


Ipc 
IF Ipest THEN 
END — 
Alp=2. 
Rm= rae Te ree QxP Eni tke) 
P=PT*Di | 
A=(Oraot*2 
Voltavg=9. 
Tsimayg=Q. 
IF Ipe=@ THEN Qlos 5=125. 
IF Ipc=il THEN Qlosasias. 
! Read file and compute nacesseary valugs 
| these values in Array for iterative processing. 
FOR J=1 TO Nrun 
IF Iname=2 THEN 
ENTER @Files3Fm, 
ELSE 
ENTER OF tLe sBvol pda 0 
Byol=Bvol+id@.. 
apie ysv5 
END IF 
VYoltavg=VolitavgtBve: 
Tetmavg=TstmavgtTstaam 


=r 29% *PL, ‘Af 


yt me y 


dd Fm, 


emfid)) 


} - 
| Calculate the properties af. the cooling water at 
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‘Cpe w=FNCpwé on 

Rhocw=FNRhows Tavg? 

Kower Sikat Pavg > 

Mucw=FNMuwt Tavg) 

Prow=FNPrwt Tava: 
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i 
Q= ddeCpeueT 
Op= O/(PT*«Dro 
Uo=Go/Lmid 
| Store the necessary values gon iteration. 
Array(J~-1 ,@)=Tsteam a mo 
Array{ J-b  td=Keaw 
Array(J-1 .2)}=Qp 
Array( 3-1 ,37=Uo © 
Array(d-1 ,4)=Qmega 
- Aarrayé d-1 5 2=Vew 
Brray(J-{ ,5=Lmid 
NEXT J 


ASSIGN File TO # 


t 

i Calculate the sower and atsam vapor velocity. 
Voltavg=Veltava/Nrun | se he 
TatmavgeTstmavg/Nrun 
RowrsVoltavg*2/5.75 
Rro=FNHfel Tstmavg) 
Rhostm=FNRhostmi Tstmavg 
Vapvel=4*<{ Bowr-Glossi/( 
BSour=Bour/).E+3 

CALL Heading 


q 
PIleRhostme*eH?g*Ocon 
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t Tterate for Ci and Alp until they converges within @.95% of Cic and Alaoc. 


suey 
Sums 2=. 

Sumy2=2. 

Sumxy=2, 

FOR J=] TO Nrun 
Tstsam=Array(J~-t ,@) 
KowFArray( J-1 12 Lem 
QeeArrayi d-i ,2) _ 
Uo=Array(J-i 3) 
OmegatArray(J-1 4) 

no 

i Solve for Two by iteration and then find Hi. 
Two=Tsteam-5.9 : 

TRilm=(Tsteamtz Ge Tuo hls. 2 

Rhof=FNRhouw( TFilm) 

KF=FNKwOTfilm) 

Muf=FNMuw(T&i le) | 

HfgfSFNHfg( Thilmi+, @8¥FNGput Thilm)*(Tsteam-Twe 

New =(Kf°3*9, Bt sHfg? +Rhod (24 NufeDroote( Tsteam- 

Ho=Alp*#New ue 

Twoo=Tsteam—Qp/He . | 

IF ABS((Twoc-Two}/Twoc )> Gal: THEN 
Two=Twoc _ : 
GOTO 38498 | Sk 

END IF , - 8 + 

Hi=Kou/Oi*Ci*xOmeqgae Pe * 

M=¢Hi*P/(Km*Ad 7.5 ‘je oD es 

Fel=FNTanh( Melt )/ (Met? 

Fe2=FNTanh( M*L2 )/¢ MeL? 


1 

f 

— 
i 


7 * 1 PY fut, 
Pwo ee 2S 


I 
| Compute the Wilson data points fear linear regression. 

X= Droot#*New*L/(OmegasKows( Lol tare! th 2*Fed }} 

Y=Newe (1, O/Uo-RmePleOrcoatel ) 

Surmx=Sumx+tX 

Sumy=Sumyty a 

Suma Z=Sumn otk #X | 
SumyZ=SumyZty ey 
SUMxXY=SuMKY TARY | 
NEXT . J 

slose and intercept of the anal i lo 

|! reciprocals and compute Alpe and ic. mpare with the la 
! Alo and Ci. If out of tolerance, average the vatues and r 
| analysis with the revised values. 


! Compute the- 


ea 
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9359 Sxx=Sum«2-Sums*2/Nrun 
9362 Sxy=Sumxy-Sumez*Sumy/Nrun 
G370 Xbar=Sumx/Nrun 
9389 Ybar=Sumy/Nrun 
9590 Sisne=Sxy/5xx 
9402 Ntercent=Ybar-Slope*xbar 
S4i@ Cic=1,@/Slopea 
S420 Aloce=1.@/Ntercept 
9450 Cerr=ABS((Cic-Cii/Cic? 
$440 Aerr=ABS({Alpo-floi/Aloc. . 
9450 Cia(CitSic)/2.¥ 
3450 Alip=(AlstAlpc)/2.9 
9472 TE Cerr>?.@005 OR Aerr>.@0G5 THEN G0 TB 5492 
9482 } . | | 
c4am { Once final values of Ci and Ale aca faund moute + regression 
S529 | coefficient of the Mocified Wilson sisi. ind the enhancements for 
GCS51@ i constant heat flux and constant PENG ere ture drop across the film. 
9520 |! Print the results. 
$532 Syy=Sumy2Z-Nrun*Ybar"e : 
9540 Sse=Syy-Slope*tsxy 
a55@ R=(1.6-Sse/Syy?*.S 
g56@ PRINTER iS 78} 
$570 PRINT USING "OX ““Hilson Plot regrasaion soefficient amor Aes) Balers: 
958@ PRINT USING "1@X,"“"Ci ¢dased on FetukhoveRapoy 3 gsone are Bae pe 
9599 PRINT USING “1@X,"“Alpha ‘ (based an ee ae ae Leo0" Alp 
9$6¢8 IF iIfg=? THEN oo 
S619 Et=Alo/ALosm 
9628 - Eqebt*¢4.@/3.9) 
5450 PRINT USING "18%," "Enhancement Lconstant haat fiux?) oe 24 ou seo 
9640 S2INT USING "10X ," “Enhancement (constant tema drop? ea ae |? ae a 
955@ END IF 
3660 PRINT 
$670 } | 
5680 | Determine and print the final values. of neat fiux, Hi, and Ho for each 
9699 |! data point. Determine the power relat ionsn: io between at flux and 
$708 ! and orint. 
9719 PRINT USING "24x ,""Overail Sistas side’*" 
972@ PRINT USING "t4X ." "Coolant Heat Xfar Heat <fer reat Xfer Heat 
Steam” “ 
9733 PRINT USING “3%, “Usiocity Caefficiant Coefficient Coefficient Plum 
Ts-Twail Temp" ” : eae 
9749 PRINT USING "2X ,°"CData LMTO «Nw Uo H Hi 
Qp | Txee | 7 
3750 PRINT USING "4X ,""# (degd> tm/a) CWAm Se (W/m*ZnK ? Chismo 2k ) 
W/m" Z {deg i""" a 
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Hoavg= eNoawesho. 
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favg=txfava/Nrun 
ua eda et 
=Snavo/Nrun 


USING "2X,""Avg!" 23 


SUB Merge a 
| This subroutine 
: one file to anot 
OIM sla eee 
INPUT "TYPE GF OPERATION?.. 
IF Ifile=@ “THEN ae 
INPUT “GIVE THE NAME 
ELSE 
INPUT 
END IF 
ASSIGN 


iil 


li iar 
her 


"GIVE THE NAME OF 
@File TO B_files 
INPUT “ENTER THE NUMBER 
ENTER @Filezsifg.ime ,ipe 
ENTER ee JPuw Fh 
ENTER @Fii 
FOR J=1 
ENTER ®Fil 
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OF: 





Dies L+LjerpatrLeeber pei Rms PYeOroot 
0 -DB 3X .2.00 2 a(#0.S0E 2X>,1% ,OD.00° 
 SQE 14% MB. SBE 3% ,UD. 
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ge two data f 
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FHE FIRST DATA FILE" .O files 
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room ,Byol ,Bamp 
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DD" ;Hoavg ,Qpavg , fx favg 
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Arrayt url 
Arrayid-1, 
Array ‘ I=] 4 
Jo SFX 
Grrav(d-1 ,6)=1room 
Array(d-1,7)=8val 

Qrray(d-1,8)=Bamp 
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Array dn! 


® THEN 
"GIVE THE NAME 
GN OFile TO D_fi 
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ENTER @File:Ddd ,Dda 
FOR J=Nrun! TO Nrun 
ENTER SFilesPm,11,T2,)esean gage 
Grray( J ,@=Fm , aes 
Array( gd 1787) 
Arrayid ,2d=%2 a 
Seray( J ,si=tstsan 
Array(d ,4)=Pgaqge 
Grray(J ,5)=Pxder 
Grray( J 6 =Troom 
ABrray(J ,7 }=Bvol 
Array( J , 3 =Bamp 
NEXT 3g 
ASSIGN @File 1G * 
Nrun=Nruntt 
END IF 
IF Ifile=@ THEN 
INPUT "GIVE THE NAME OF THE MERGED 6 
LSE | 
INPUT “GIVE THE NAME OF. THE NEW RATA 
Neun=Nruni i 
END IF 
CREATE 
ASSIGN 
DUTPUT | 
OUTPUT 
OUTPUT SFile:0i ,Broot 
FOR JgJ=t TO Nrun 
Pm=array(s-t 2? 
(TisArray(d-1 3D 
TZ=Array(J-} ,2) 


@File TO D_ 
@File;ifg,im 
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Toteam=Array(in-t ,o) | 
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NEXT i. 
RETURN Ro 
ENEND | 

| 
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| » 8 « 


CEF FNTcouple(e?) 
L This POREEAEN: takes a thermocouple voltage {[mVi 2 
| fdegS] using a generic tyne-T thermocouple carr 
1 &., Marangoni, R.O., and iianhard, {.H., ME CHANT 
t ed). Addison- Wesley: Reading, Ma, 1993, ‘p. 694 
t 
COM /Teounle/ C1063) 
T=2. 
FOR I=1 TO-4 
T=T+ Ci@lI- 1yeE*] 
NEXT I 
RETURN T 
FNEND 
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temp [degfl anc returns 


rejation from Beckwith, 





and returns temperature 
Ts 


CAL MEASUREMENTS, @Stn 


APPENDIX D. RAW AND PROCESSED DATA 
Raw data was compiled for 20 experimental trials for each 


of two pressure conditions. 
accepted data trials follow. 
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Raw and processed data from 


BOP — ip mM ~7 OM OB cr to -+ 
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Program Name: DRE ALL 

Raw data stored on file: SOMTUS 

data taken by: INCHECK 

Tube type: SMOOTH TUBE 

Tube material: STAINLESS-STEEL 

Thermal conductivity: 14,35 (W/mK) 

Inside diameter: 13.240 (mm) 

Roct cilameter: {4.12 (mm) 

Pressure condition: VaCUUM 
ROOM Inlet Outlet Steam Gage Xducer 
Tamp Tamp Temp Tena Prass Press Velts Current 

(‘degh)} (dagt} (deg) (KPa; {KPa} CU) 

Fiaeoo i7.4§ 128.92 43.7 14.8 10.2 198.4 1, @4 
1S.65 17255 2.75 45,7 1t.@ [P<@ ~ 397.3 1.93 
19.66 17.62 1Bg2 43.5 tis? 1@.a CSS 2 Laos 
19.65 17.46 Lon2¢ 48.7 11.9 i?.@ Lo? 1.83 
to. / 17.493 i1€.43 42,6 bi« 1@.9 Ho If giro 1,04 
19.69 tiead 18.74 48.5 1i.@ 11.8 13733 1.83 
to.67 17.58 13.13 $8.7 arn 11.9 198.8 {. 24 
19.68 17.59 i(S.43 43.7 13.8 19,3 198.@ 1.83 
h.6o., F758 F820) 48.6 1@.9 18.9 $98.@ . 1.84: 
19.71 17.35 -.18.35@ | 48,7 14.8 . Ft.1 t87290 3.04 
19.68: 17.29 . 16.09 -48.8 (11.8. :.00.1 198.5 4.92 

49.71 17.31 .18.@1 + 48.7 11.8 <tt.@ 198.2 ..1.04 
“$8.68 . 17.47 .-18.@9 $8.8 19,9 .Tt.@ oe 

48.8 77.0- tial 197.5 


49.72 17.49 18,86 
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Froogram Name: DRPALL 
Rau data stored on Pile: SSMTUS 
Data taken Hy: INCHECE 
Tube type SMOOTH TUBE 
Tubes material: STAINLESS-STEEL 
Thermal senductivity: 14.3 ¢Wém-K ) 
Inside diameter: ~PB.2Y Cam? 
Root diameter: .. 4.42 Omm) 
Pressure condition: VACUUM 
System oower: 6.67 (RW? 
Steam. velocity: {.9% (m/s) 
This analysis includes end-fin affact 
HEATEX insert installed in tubs 
Wilson Plot regression goefficient = G. 398 
Ci (gassed on Petukhov ~Rnov } = 2, 883 
fipha (based on Nuss alti * 8.325 
secant Qutaide inside 
Coolant Haat Nfer Heat Xfer - Heat Kfer 
Velocity Coefficisnt SoefPicient Goefricient 
U™MTO Vig Uo. ' He: Mi, 
deol) (m/s) (W/m*B-K 3 CWsmP2-K) | (WAM 2K) 
31.82 4,71 5. IDTE+D3 i OB lE+e4 4, 3446404 
30.84 3.81 6. 754E+03 1.128ksGd 3. 988E+24 
38.65 S544 6. S17E+@3 i. }@6E+04 ee 
58,82 2.61 6 S79E+283 1, 126E+04 .959E+94 
3@.63 Ba S.1Q7&E+@3 {.126E+@4 2 475E+04 
3@.43 1.51 S.8S86+@3 1.176E+84 i. S7BE+@4 
39.25 1.1@ 5. S38E+93 }.2;SE+84 t. ab@e+aa 
3@.29 1.1@ S.355E+@5 1. 224E+04 1, 450E&+04 
39.48 1.61 5.842E+@3 t. 170E+04 |.G75E+@4 
32.84 2204 B.1Z7EtOS 1, 134E+@4 2. 47 1E+D4 
58.92 2.81 6 .2656E+95 1.$23E+84 25 953+ G4 
oh ba x oe fa 6 S21E+as 1. 128E+a4 3. 4274E+G4 
OO.82 (2.61 &.561&+@3 1 .@75E+O4 3.892E+@4 
31.82 4a. 6. 735E+8S i. @87e+84 4, 345E+04 
] 


~1S4E424 
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Program Name: 


Raw data stored on file: 


Bata taken by: 

Tube type: 

Tube material: 
Thermal conductivity: 
Inside diameter: | 
Root diameter: 


DRPALL 

SSMTV4 

INCHECK 

SMOOTH TUBE 

STAINLESS-STSEL 
14.3 (W/mrK > 
+B.21 fmm) | 





Pom Om OO -i OM Fhe - 


mnade 


“Pressure condition: RACUUM 

Roam Inlet Outlet . Steam Gage Aducer | 

Flow Temp Teno Temp Temp. Press Press Volts Current 

(neti (degt) (deg?) (degS? (degl) (KRad KPa? (VW) 

82 {9:76 17.88 18.22 45.% . -18.8 11.0 -t96.1 1.94 
72 39.7 17.72 {8.32 48.7 1@.g 11.9 {98.1 1.94 
SQ {9.78 17.81 18.52 48.5 1@.3 {1.2 198.0 1.94 
GQ) 13.79 17.61 18.42 48.7 19.9 11.9 97.8 1.84 
49 19.88 17.68 18.6! 48.6 10.5 11.0 197.9 1.@4 
3@ 13.83 17.71 18.86 43.7 11.2 11.0 198.0 1.04 
28 19.81 17.88 19.33 49.7 11. 41.9 98.1 1.04 
2@ 19.808 17.79 19.32 43.7 18.95 11.0 198.@ 1.83 
2B 019.81 «36 7.58) = s18.. 73 43.5 1.9 12.9 {$97.9 1.04 
4G 19.81 17.49 18.44 48.5 11.2 1.0 198.8 1,04 
S@Q . 19.83 17.45 18.25 49.6 11.8 14.0 $98.4 4.04. 
S@ 19.82 17.44 18.14 ag.7 11.8 11.2 %98.@ 14.04 
70 i9.82 17.58 18.28 48.7 11.2 14.0 158.2 1.04 
17.55 48.6 11.9 17.@ {98.0 1.04 


18,15 
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Program Name: BEPALL 
Raw data stored on file: SSMTV4 
Data taken by: INCHECE 
Tube type: SMOOTH TUBE 
Tube material: STAINLESS-STEEL 
Thermal conductivity: 14.5 (W/mK } 
Imside diameter: - PSuk eM) 
Root diameter: 14.10 (mm: 
Pressure condition: VACUUM 
System power: B.8! (KW? 
Steam velocity: 1.39% (m/s) 
This analysis includes end-fin. efrect 
HEATEX insert imstalled in tube 
Wilson Plot regression ceafficient = 3.927 
Ci (based on Petukhov-Papoy = 2,957 
Aisha (based on Nusselt} 0.888 
Sveralt! Gutsids inside 
Coclant Heat Xfer Haat Xfer Heat xfer Heat 
Velocity Coefficient Coefficient Coefficien Flux 
Data LMTo ig Ua . Oo Hi Geo 
& (degC) (m/s) (W/m? Zn ) CWémo ask > (W/m*2-K } (W/m 2 ) 
j 32.78 Alt] 6. 754E+93 {.Q@87E+G4 .4,437E+O4 2.879E+95 
2? 38.68 3.81 G.479E+@3 1.0478424 3.977EtG4 1.9876+05 
3 32,42 3.11 § St5E+03 +, @5eE+O4 Z3.S51GE+@4 1.381E+@5 
4 39,58 Zi §.26tE+es 1.@81E+04 3.820E+34 1. 92Q9E+0S 
5 32.465 ol 6, @98E+93 i. $1 2E+Q4 2. 5eSE794 { .6S8E+@S 
) 3@,41 1.6f 5, 785E+93 1 1 23E +84 2.@15&7a4 1. 7S3E+@5 
7 39.13 1.41% S .345E+93 i, }SSE+G4 1, 4216704 +.519E+85 
8 30.44 1.1@ 5. 338E+85 1 | S3E+@4 1. 481E+@4 + BV9E+AS 
$ 56.355 1.51 5. TSGE+OS +. | S5E+04 2, PISE+34 1, 7SSEtO5 
'@ 3O.687 2.1! S§.18S5E+@3 1,136E+24 2.522E+04 1,891E+05 
11 32.74 2.81 &.33SE+03 1.1QBE+A4 B.G1SE+O4 81. 945E+05 
12 - 2B.9@ 0B. ti) 6. 4S5E+@S | = { .GBBETO4 «=. AO5E+OS = -t SEAETOS 
13 30.82 3.81 8.S52E+03 {.@88EtG4 F.371E+O4 = 2.019E+05 
‘4 3@.75 4.11 &.S89E+03 . t.@7@F+@4 4.434404 8 2.@57E+05 
Avg 1, 11BE+O4 1, 891E+05 
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Flow 
(pet-) 


82 
79 
5e 
58 
49 
3Q | 
2g: 
20. 
38 

| 4G 


. £2 


89 


5B 


fe ae 


Prooram Name: 

Raw data storad on fila: 
Bata taken by: 

Tube type: 


Fin spacing, width, height: 


Tube material: 
Thermal conductivity: 
Inside diameter: 

Rest diameter: 


CRPALL 
SieVi 
TNCHEC 


RECTANGULAR 
1.50 
STAINLESS-STEEL 


1.9 





FINNED TUBE 
@.76 fmm) 


3 Cit/m-K ? 


2B (mm) 


ig t 1 
ais fmm} 


Prassure conditian: VACUUM 
Room Iniet OQutilet  Staam Sage 
Temp Temp Teme Tarp Press 
(deg) “idegt) idegi) (deg? {kPa > 
193.72 17.96 tiesto 48.5 12 
19.7! are es 17.92 48.7 if 
13.72 17.268 13.07 43.7 1 
ag tie Fe 18.94 AS.§& tie 
12.75 leat 18.29 43.5 11 
19.45 340.28 13.51 48.6 i} 
18,73: 2 i.es 18.97 43.5 ig 
19.74 17.24 18.95 48.6 12 
19.73. .17.97 ° 18.39 48.7 it. 
19.74 18.97 .18.@8 48.7 1 
19.75 16.95 43,7 1 

1 
1 
i 
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Program Name: DRPALL 

Raw data stored on file: SiBYVi 

Data taken by: INCHESK 

Tube type: , RECTANGULAR FINNED TUEE 
Fin spacing, width, haight: 1.82 Tn Z 18 (min) 
Tube material: STAITNL 

Thermal conductivity: 12,3 ie “i 

inside diamater: 13.28 (mm) 

Root diame eae f4.25 omm: 

Pressure condition: . VACUUM 

System power: -&.8t (KW) 

Steam velocity: 4097 cm/s) 

This analysis includas end-fin affect 

HEATEX insert installed in tube 

eatencenents based on comparison te Incheck smooth tube data 


Wilson Plot regression soefficiant = 8,996 


Ci (hased on Petukhov-Popov } = 2,714 
Aloha (based on Nusselt. = 1,886 
Enhancement (constant Raat flux: = 1,469 
Enhancement (constant tems drap) = 4459s 
Overall Cutside inside: 
Coolant Heat xfer Heat Xfer Heat Xfer Heat: 
Velocity Coefficient Coaffioiant Goeffictent F bux Ts-Twall 
LMTO Vus Uo eo: Re | 3 Hi Op: TxF 
(degC) (m/s; Cal/m?2-K pC WAm@ZeK >  <Weém*2—-K> 0° CW/m* 2) (dagt > 
tai 4,12 7 B4SE+23 1, 499E+904 4,1968+24 2.S581E+85 15.88 
Sat 3.02 7 6Z6E793 1 SS@E+04 3. 7BSETO4L 2.3578E+95 15.34 
31,82 S242 7. 4656403 1.S74E+84 3. S21E+04 2.518E+95 anti 
3@.55 a a 7. 239E+O3 1.599E+04 Z.8S59E+04 2.24SSEt@S 14.03 
3Q.87 2.41 G.S31E+@3 1.575E+@4 2.3926+04 2.109E+G5 13.35 
38.72 1.61 6.41 7E+65 }. §22E+04 {.9396+04 © 1,372E+05 t2 16 
3@.S2 eed &.832E+¢3 1, 7S@E+O4 1.40ZE+94 1.78@E4+25 1@.t7 
32.53 avd 5. SSQE+O3 {, 749E+04 1, 461E+04 1.78@e+@5 18.18 
32.93 }.51 B.459E+03 1 .S38E+E4 1, 9@6E+G4 1.9SZE+t@5 feats 
StS Cea 6. G@9E +83 1.619E+@24 2.3587E+O4 2.152E+O5 1oyeo 
31,358 2.63 7.171E+@3 1 S6SE+O4 2.854E+24 es2455tGs 14.32 
31.45) 3.42 7 499Et933 1 S8gb&+O4 3.5@8E+O4 2.545E+@5 ee ae, 
51.28 a.b2 7, S41E+23 1 STGE+B4 3. 78@E+84 2-SS3E+@85 1Si52 
Siwe8 4.42 7. ?766E+@8S 1.S357E+@4 .4.198E+a4 2.425E+85 oe a= 
1. 2.1 76E+8S 13.728 


SUSE+E4 
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Proaran Name: DRPALL 

Raw data stored on fiie: SisV2 

Data takan By: INCHECE 

fube type RECTANGULAR FINNED TUBE 

Fin spacing, width, height: 1.58 1.89 @,.15 (mm? 

Tube material: STAINLESS~-SiEEL 

Thermal conductivity: 14.4 (Wack? 

Inside diameter: 13.28 (me: 

Root diameter: 14.25 (mm) 

Pressure condition: VACUUM 

Room Iniet Outlet Stean Gage Xducer 

Flow Tamp Temp Temp Temp Press Press ~ Volts Current 
(pet) (deol) (degt) (deat) ‘deol) (KPa) (KPa? (YU) 

8Q t3o@s 17.29 17.94 42.7 11.8 1@.3 Lees 1.@3 
TG- Sy -0s 17.365 19.98 49.5 14.8 19.9 toto 1.@2 
62 1Seft 17.44 18.24 43.7 18.7 11.2 igiso 1.93 
SO 19.78 17,28 18.298 428.5 Ft. 11.9 isoel< Fees 
AQ = Oe a | iteeo 18.36 43.6 1@.9 11.8 187.9 1,83 
30. 13073 17.34 18.55 48.8 11.8 19.3 198.8 1.93 
22 1$.77 17.42 es re 43.7 i1.8 i1.@2 1974 1.83 
2Q@ 79.79 17.49 bona 48.5 12.3 18.8 137.3 1.@35 
3 iS.e77 17.25 18,54 48.7 1a@.9 19.8 198.2 1.85 
A® 19.78 7.41 18.19 498.7 14.2 1@.§ 198.0 1.03) 
52 rose 17aes 18.81 43.7 18.9 12.8 195.1 1.83 
B® 19.79 17.@6 17.88 43.7 i2.9 19.8 97.8 1.83 
72 19.73 ieee 17.94 43.6 1g@:s 12.7 197.8 1.@35 
Ba 19.73 brace iisce 43.7 1a@.9 10.8 198.3 1.03 
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RPSL 
Raw data stored on File: 1BV2 
Dats taken by: MOHECK 
Tube type: RECTANGULAR FINNEG TUBE 
Fin spacing, width, height: 1.58 2.98 8.18 (mm 
Tube material: STAINLESS-STEEL 
Thermal conductivity: CW mK ) 


UUM 
System power: ,8B CRW) 
Steam velocity: ~47 (mfa} 
end-fin effect 


es 
led in tube - 
mn comparisan to Incheck smooth tuos data 


Wilsen Plot regression coefficient = $,4939 
Ci (based on Petukhov-Popov } = 9.694 
Alpha (based an Nusselt? = 1,@88 
Erhancement (constant heat fiux} = 1.471 
Enhancement (constant temp drop) = 1.436 
Overall Gutside Inside , 
Coolant Heat Xfer Heat Xfer Heat Xfer  . Heat 
Velocity Cosfficient Coefficient Coefficient = Flux 
LMTO us Ue Ho Hi Qp 
‘degt) (m/s) (W/m ark 3 (W/m 2-K } Ci /m* 2K > Cbi/m"Z ) 
06 4,12 7%. 745E+@3 1.S532E+@4 4.:756+04 2.486E6+95 
.6@ 3.62 7.5@56+03 1.5456+04 3.7435E+04 2.343E+85 
88 3.12 7.422E+@3 t,S59E+84 3.5@038704 2.292E+8S 
29 2.61 7 Z245E+05 1,6@7E+@4 F.644E+34 2.2356E+95 
se (20k) §.S80Z2E+@3 {.S66E+Q4 Z.57SE+O4 2.897E+G5 
36.77 1.61 §.431E1@3 1.859E+04 1. 898E+G4 t.27SET05 
58.44 heal 5. 842E+03 1. 771E+94 1. 394E+@4 1. 778E+05 
9.35 1. a S.8365+03 1. 766E+04 1.394E+04 1. 772ZE+@5 
85 hee SuSSSETOS 1,61 7E+84 1.g95E+@4 Viataeres 
09: heh S.@54E+03 1.S966+24 Z.373E+@4 2.1SE+@S 
te 32.61 7.195E+25 i %.S8SE+@4 2.8S57E+84 Z2,.242E+@5 
2 3.12 7.463E+83 1.58:E+84 S3.288E+@4 2.532E+@5 
$4 3.62 7,8iSE+93 1.55@E7+04 3.7S7E+9¢ 2. OS4E+Q5 
eo 4At2 7. 74BEt9S 1 SSSE+04 4. 17jE+tB4 2.415E+8S 
+, B@SE+G4 Ze leeerue 
2 
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A eT 
(deg 
15.78 
[S.16 
14,78 
bS<33 
i3.38 
12.97 
13.@4 
{8.83 
12.22 
i3.35 
14,734 
14.75 
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15.76 
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Program Name: ORPALL 
Raw data stored on file: SZRVi 
Hata taken by: TACHETK 
Tube type: RECTANGULAR FINNED TUSE 
Sin snacing, width, height: 1.5@ (1.98 42.287 (mm) 
Tube material: STAINLESS-STEEL 
Thermal conductivity: 14.35 (W/mK >} 
Inside diameter: | (3.415 (mm) 
Foot diameter: 14.235) 502 
Pressure condition: VACUUM 
Room Inlet Outlet Sieam bage Xducer 
Flow Teme Tamp Temp Temp Prass Press Volts Current 
(ect) (deagl) (degC) ‘(degl) (del? (KPa? (KPad ” (YW) 
88 28.@2 17.24 17233 43.9 Live PigZ 198.1 
72 19.97 17.35 1G.34 48.7 18,9 aa 198.3 
53 28.81 17.52 18.33 48.6 11.2 17.2 198.1 
SQ 2@.@3 17.41 18.34 48.2 11.8 fi.t 198.0 
49 2@.@5 17.44 18.54 48.7 11.2 ti.d 198.0 | 
32 22. @4 t7.56 19.9 48.5 11,8 14.2 198.28. 
20 20.02 17.69 19.41 48.7 11.@ li.0 88.4 
2a 29.82 17.72% 19.42 48.7 +7.@ 17.9 192.3 
38. 28.83 (Veas 18.87 43.7 i1.@ i} .8 195.1 
40 29.24 (7.46 18.57 48.7 11.2 ie 137.2. * 
S@ 2@.03 17.45 38.39 48.6 11.2 1.0 198.3 
62 2@.05 17.47 16.29 43.6 i1.@ 11.9 98.1 
78 = 28. 8S 17.61 48.35 48.6 {1.2 11.@ 197.9 
$9 20.84 17.55 }8i52 48,7 1.@ ttt 197.8 
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Raw data stored oan 


ce 
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ystan 3 
Steam velocity: 


07 
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Peessure condition 


sion 


(hased on Fetukhav-Papov ) 


Q. 


Heat 
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Ccolant | 
Velocity Coefficient 


Frhancement 
Enhancement 
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Program Name: DRRALL 
Raw data stored on file: S282 
Data taken hy: INCHECK 
Tube type: ieee FINNED TUBE 
Fin spacing, width, height: 1.58 .2@ @.23 (mm 
Tube material: STAINLESS-STEEL 
Thermal conductivity: 14.5 (W/mK 
Inside diameter: 13.'S Camm) 
Root diamster: : {4.23 (ma) 
Pressure condition: VACUUM 
Room Inist Qutlet Steam Gage Xducer , 

Flow Temp Teas Temp Temp Perass Press Volts Current 
(pet) (degl> (degl) (deol) (dagli ‘(KPai (KPa) (VU) | 
3@ 19.91 1 feed Ers3o 48.7% 10.8 fi. ie fae 1.83 
72 19.93 17.38 18.13 43.7 13.3 11.2 198.1 1.03 
S@ 19.92 17.84 18.36 43.7 11.8 t1.2 97.29 1.04 
52 19.52 Vpn 18.34 42.7 11.9 fi.f 198.4 1 .Q@3: 
43 19.78 17.46 18.55 43.7 11.9 iz 1938.2 {1.83 
32 19.75 17.52 8.84 42.7 {1.2 Lige 198.2 1.93 
29 19.88 17.85 19,34 48.8 11.8 14.3 198.92 1.83 
20 19.88 7.85 19.35 48.8 't.2 i ees 198.1 1.24 
32 4619.98 4867.54 38.85 48.7 17.9 fi. 198.1 1.5 
4@ i9.89 17.47 1e.54 48.6 11.2 11. igs. 1.93 
5¢ 19.89 17.43 18.34 48.7 16.9 i Bee 198.1 1.@4 
62 1232 17.44 12.26 A&.7 i?.2 it.2 198.1 i2@3 
73 18.93 17.67 1S.40 48.7 18.3 Pigg 198.0° 1.83 
SY 19.91 17.69 12.25 48.6 17.2 ft. 138.9 1.83 
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Program Name: DRRALL 

Raw data stored on file: $28u2 

pata taken oy: . ENCHECK 

Tube type: SECTANGULAR FINNED FUSE 

Fin ssacsing, width, bheight: 1.52 1.08 9.28. (mm) 

Tube material: STAINLESS-STEEL 

fhermal conductivity: 14.35 ¢Weaek 

Inside diameter: C3515 frm 

Root diameter: 4.25 Omm) 

Pressure condition: VACUUM 

System cower: 5.8% (KW) 

Steam velocity? bee? CMS) 

This analysis includes and-fin effect 

HEATEX insert installed in tube 

Enhancements based on comparison to Tncheck smocth tube data 
Wilson Flet regrassion coefficient? = @.359 

Ci (based on Fetukhov—-Popov) = 2,555 

Aigha (based on Nusselt? > },161 

Enhancement (constant heat flux, 1.683 

Enhancement {constant temp drop? = 1,424 

Overall Outside Inside 
Coolant Heat Xfer Heat Xfer isat Xfer Heat 
Velocity Coefficient Coefficient Coefficient Fiux Ts-Ttwall 
MTD ud Uc | Ho Hi Op Txf 
eat) (m/s: CW/m"*2-K > (ii/m*2-K > i Wim? 2-k > (W/m ) (decd ) 
1.5 4.45 7.96S8E+035 1 BS7E+G4 3,28s&+04 2. 482E+05 L4e7) 
@.98 3.65 7. 765E+83 { G8iE+a4 3.O77E+24 2. 4@6E+@5 14.31 
Q.78 3.14 V.S17E+@3 1.724E+04 F.158E+04 2.544E+2@5 135.60 
@.82 ar ope 7 s48E+a3 1. 744E7+O4 2. (2 QETO4 2.265405 12.99 
2.65 Lait 7. B2Q6E+O3 t. 77S5E+04 2.277E+Q4 2, 49E+85 1Z.12 
8.54 1.62 6. S41E+@3 |. S31Et@4 1,51 7E+O4 1.998E+35 i@.31 
@.25 ii] 5. SzZ3bt+as i. SITE+@4 t.345E704 {.761E+95 See 
0.28 Deel 5. 842E+05 1. 9StE+94 1. 335E+@4 1.769&+@5 9.16 
2.46 1.82 G 4825493 1. 78SE+G4 1,817E+04 1. S75E+285 11.6 
8.57 2013 6. 9s@E+¢3 1.7Z27E+84 2.2 fEt+B4s Z.{19E+@5 area 
a.77 2265 7 2e5e+835 } 683E+a4 2. 72Et84 2s225et+OS 13.24 
0.86 5.14 7 SATE+ES 1 69@E+G4 3,155E+04 2.52 9E+85 1Oato 
8.86 3.65 7 BAIETOS {.719E+04 3.58S5E+94 2 ABTE+AS i4.9¢ 
8.52 4.15 7.86SE+03 1 .A358E+04 4. QA7E+G4 2.488E+@5 14.72 
1. 7SZE+44 ee eseTgs i2ece 
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Program Name: 

Raw data stored on 
Vata taken by: 
Tube type: 


Fin spacing, width, height: 


Tube material: 
Thermal conductivity: 
inside diameter: 

Root diameter: 
Prassure condition: 


Curiat 


ROOM Inlet 
Temp Temp Tamy 
(deal) (deo) (degC? 


1Lo.25 16.85 17eao 
19.24 beaae fg tS 
toveo 17.18 idwG2 
1325 16:95 . $7.88 
er 17 .@e 1S.7@ 
19.28 17.07 18.42 
19.28 tae 18.93 
13.29 Kiser ~Veis 
19.3@ 37.89 .18.48 
i9.5@ 16.96 18.95 
9.0) -.iG.93 LT6e 


43.58 16.94 17.76 
18.335 17.14 17.87 
19.34 17.17 17.85 


ei Le¢ 





RECTANGULAR FINNED TUBE 
1,0@ 9.238 (mm; 
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Aducear 


Press 


(KPa? . 


DRPALL 
S28US 
INCHECK 
1.39 
STAINLESS-STEEL 
14.3 (sm-K ) 
I3.15 (mm) 
{4.23 (mm) 
VACUUM 
Steam Gage 
Temp Prags 
(degli «KPa: 
48.7 lsc 
48.7 9 44.2. 
48.5 tte 
48.7 ‘4.3 
49.6 ti.2 
49,3 13.3 
48.7 14.2 
48,2 11.3 
43.7 fiz 
42.5. ° 11.3 
48.7 11.3 
48.6 lt.2 
43.65 bias = 
48.7? 


Volts 
ar 


. e  d' e a a 
Cae en ee nn oe ne ae a ene Pn 5 


Current 


a 
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Pragras Name: ORPALL 

Raw data stored on fiie: 526V 

Data taken py: INCHEGK . 

fube type: RECTANGULAR FINNED TUBE 

Fin spacing, width, haight: 1.52 1.@9 @.28 ae 

Tube material: STAINLESS-aTEEL 

Thermal conductivity: 14.3 CWS 

inside diameter: {3.15 (mm) 

Root diameter: fa 625- Cae) 

Peassure condition: VACUUM 

System dower B.2) vk 

Steam velocity: 1.57% (m/fs} 

This analysis includes end-fin effact 

HEATEX insert instalied in tube 

Enhancements based on comparigon to incheck smooth tube data 

Hilson Plot regression ccefficiant = #.999 

Ci (based on Petukhov-Penov} = 2.511 

Gisha (based om Nusselt? — | « $,134 

Enhancement (constant heat. flux) = },554 

Enhancement (constant tema drop} = 1.992 

Overall Outside Inside 
Caolant Heat Xfer Haat Xfer Heat Xfer Heat 
Velocity Coefficient Coefficient. Coefficient Flux 
LIMO Vw Us cee. Ge. . Hi Ga 
(degt) (m/s? CW/m*2-K ) Cu/meZ-K>} © (W/m*2~-K > (W/m"Z } 
5) .52 405 7.849E+03 1,623E+94 4. OS4E+04 2ATAE+QGS 
31.32 3.65 7.6496425 | BI5SE+G4 3.538E+04 2.a96E+85 
31.85 3.14 V7.S47E+@3 1.B73E+@4 F.21tE+@4 2.544E+05 
Srsed 2ube 7.{6S5E+03 ' 627Etas 2. #6S5E+04 2. 24ZE+95 
31.87? Z.13B 6§.843E+@3 1.6536+04 2.5146+24 2.1268+25 
2118 1.62 § .455E+95 |. 724E +94 {.845E+84 2. @Q7E+asS 
39.66 weld 5. 829E+O5 | .B61E+G4 i, 2S7E+84 1.784E+@5 
38.55 Lacha 5. €3586+83 1. &75E+@4 1. 357E+@4 !. 7@GE+25 
3.93 1.82 6.427&+03 1.71SE+@4 {1,@47E+@4 1.988705 
31.12 2.1% §.923E+@3 1.7@1E+84 2.312E+O4 2.1S4E+@S 
31.30 2.83 7.253E+93 i.B7ZE+94 2.764E+84 2.2 70E+85 
31.29 3.14 P.474E+03 1.839E194 3.2056+04 2.339E+85 
Sia4S &:65 ?4?2aetds i B47E+B4 3. S44E+04 2 AZGE+8S 
Bi.d! 4.15 7. S73E+03 i §33E+04 4.@7@E+@4 2.459£+@5 
| 2.19SE+ 


ERT ETB4 
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Program Name: 


Raw data atored on file: 


Mata taken by: 
Tube type: 

Fin spacing, width, height: 
Tube material: 
Thermal conductivity: 


inside diameter: 


Root diameter: 


Pressure condition: » 


Flow 
{pet} ¢ 


8d 
78 
62 
52 
AG 


Room 
Temp 
deg) 


20.43 
20,44 
20.44 
29.45 
270.44 
22.45 


Inlet 
Teno 


(degt? 


i gre 
18.9! 
18.42 
17.98 
18.01 
18,84 
ie ee 
18.13 
18.82 
ere a 
{7.34 


T7433 


18.9@ 
18.05 


eee ee ors. fase ork 
Momma woe maw woom 


Mitiet 


Temp 


(degt > 


& 


ro mM hr co} OW UI 


ORPALL 
S3ev2 
INGHECKE 
RECTANGULAR FINNED TUBE 
1,53 71.89 @.45 (mm: 
STAINLESS-STEEL 
14.35 CW/mn-K 
13.88 tmm) 
{4.2793 (mm) 
VACUUM 
Steam Gage Xducer 
Tam Prass Press Volis 
dagt > tPF a } iKP a } CY) 
49.7 > 11.28 19.9 198.@ 
48.6 19.4 i@.9 138.8 
48.7 19.8 19.9 $98.1 
43. 10.3 12.4 198.0 
43.7 18.9 io.2 198.2 
48.6 19.8 18.9 158.2 
48.5 1@.9 O53 198.2 
43,7 12.3 To.3 198.1 
48.7 19.9 13.9 198.2 
43.6 18.8 1@.9 198.1 
48.6 | 13.2 {g,3 198.@ 
43.6 12.8 12.3 198.1 
48.7 10.8 12.9 198.1. 
48.7 {@.8 18.93 $98.1 
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15.34: 


Heat 


Flux 
1. 98@E+25 


2.852E+@5 


FE5E+B4 
4,257E+04 
S9E+84 


Hi 


my 
wh a OF 
2.8 


? 
"sy 


* 


KEG 


=, 


AP AL 
is 


I 
VACUUM 
5E+O4 

{.820E+24 


Lis 
ken 


tube 


duiside | 
wal 


Heat 3% 
Coafficiant Caefficient Coefficient 


1. 4526+04 


ua. 


comparison . 


a 


Xfer 
E+@ 


¢ 
! 


ukhov~Poney é 
GG . 


Aloha (based on Nusselt ).. 


Nf 


bt 


stalled in 


Fet 

Heat 

6.73 ) 
&.546E +83 
5.97 


5s based cn 
5 


4 
Y 


conductivity: 
on 


inside Giameter: 
Enhancement (constant. tamp drap? 
Coolant 
Velocity 
Vos 
1.64 


Enhancenen 


LMTD 
32.88 


6 
g 


Data 


Ga PM I 


= 
~ 
- 


269403 
5, ASSE+@3 


BE+O4 


1.43 
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Program Name: : DRPALL 

Raw data stored on file: $385 

Data taken by: INGHECK 

Tube tvoe: RECTANGULAR FINNED TUBE 
Fin spacing, width, height: 1.52 1.80 @.39 (mm) 
Tubs material: STAINLESS-STEEL 

Thermal conductivity: 14.35 Chi/m-K ) 

Inside diameter: i2.68 (mm? 

Root diameter: 14.29 (mm) 
Pressure conditiaen: VACUUM 

Ron iniet Qutlet Steam Gage Aducer 

Temp Tamp Temp Tema Fress Press Vol 
(degl} (degl} ‘¢degl) ‘(degS) (KPa) (KPaj~ (Vd 
29.58 17.72 18.32 42.8 1@.5 ted 197. 
28.58 17.28 12.46 49.9 19.35 ie ee i937. 
29.88 (Feds 18.665 44.8 12.5 eZ {33.. 
28.52 ear be 6.62 A8.5 12.5 pie 192. 
28.6? 17.88 16.85 48.7 14.5 five 19a, 
23.68 17 92 1s ge aes 43.7 10.5 t1.2 198, 
28.86 16.12 19.66 48.7 19.5 es ere 198. 
7@.61 18.@9 19.65 48.6 13.5 it.t 6197 
2@.6@ 17.93 19.12 48.8 1@.5 17.1 198. 
29.63 {7.33 18.81 48.6 18.3 1t.2 198.3 
2@.65 Vieacte 18.69 48.6 18.5 i ee i9gé. 
22.69 17.77 18.58 48.7 12.5 11.2 98 
20.73 17.94 18.8@ 48.6 18.5 f1.t 198, 
29.73 17.95 18.54 48.7 {8.5 t1.2 138. 
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Program Name: DRPALL 
Raw data storec on fils: 5 3BU3 
Data tanen oy: INCHECK 
Fube type: RECTANGULAR FINNED TUBE 
Fin spacing, width, height: +.5@ 1,08 @.29 0mm) 
Tugs material: STAINLESS-STEEL © 
Thermal senductivity: 14.3 W/mK) 
inside diameter: 13.08 (am) 
Foot diameter: 14.293 (mm) 
Pressure condition: VACUUM 
System power: 6.81 (KW3 
Steam velocity: {.9% (m/s) 
This analysis includes end-fin affect 
HEATEX insert installed in tune : * 3 
Ennancements based on caomparisan to Incneck smocth tube data 
Wilson Plot regression seaffisient = 8.929 
Ci (based on Pstukhov-Popey) — = 2,852 
Aloha (based on Nusselt?) = 9,927 
Enhancement (constant heat flux) = 1,291 
Enhancement (constant ¢emp drop? = 1,211 
Overall Qutside inside 
Coolant Heat.Xfer Heat Xfer Heat Xfer Heat 
Velocity Coeffieaiant Coefficient Ceefficient Flux 
Vu UQ Ho A Qn 
{degl) (m/s) W/m Zek ) (WémiarK 3 EW /m 2K } (W/m?) 
79 4.20 7,0046+23 i.379E+04 4.)§GE+04 Z.1S7E+GS 
85 3.62 6.9@38+0@3 {.398F+04 S.737E+24 2.129845 
554 3.17 &.7826+@3 1,4216484 3.299604 2.271E+@5 
(4Q@ 2.86 6.594E+@3 1.443E+04 2£.64tE+@4 2.@@58+95 
<ae 2elo ‘“Gse2655789 { 431E+84 2. S78b +04 1. 9@5E+05 
17 1,84 §.985E+@3 1.5186+24 1,897E+04 1.8@6E+85 
oo 2 Olg 5. 499E+83 1 S7SE+O4 1. 395E +24 Looleeres 
74 +.13 5.4296+@3 1.5898+@4 1.3856+24 1.814E+@5 
.O& 1.54 5.83tet+@s 1.484E+04 1 S97E+04 1.783E+@S 
3i062.15 §.2846+03 1.44184+04 2,577Et84 1.904E+25 
43 2.86 §.S69E+@3 1.4318+04 2:§428+B4 1.385E+85 
So 3.17 B8.BO3E+@S 1.431824 S.293E184 2.081E+85 
(33 3.89 7.Qt4E+O5 1.446404 3.7ASE+@4 = 2.1 27EtOS 
‘AS 4.28 7.QS8E+@Z 1.397E+04 4,1 786+@4 2.149E+85 
1, 455&+04 oe 1. g5SE+85 
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Program Name: DRPAGL 

Raw data stored on fiia: 5483 

Data taken by: INCHECK 

Tube type: RECTANSULAR FINNED TUBE 

Fin spacing, width, height: 1.5@ 1.88 @.48 (mm) 

Tube material: | STAINLESS-STEEL 

Thermal conductivity: 14.5 (W/m-K?) 

inside diameter: i3.t} (mm) 

Root diameter: 14.25 imm? 

Pressure condition: VACUUM 

Room Inlet Outlet Steam Gace Xducer 

Flaw Temp Temp Temp Temp Press Press Volts Current 
(cot) (dagl> (degO) (degl)d (dagt) (KPa) {w¥Pad ~ ¢¥V) 

82 28.58 ae oe 17att 48.9 1g. li. 184.7 34 
7@ 28.58 17.28 17.93 438.6 10.5 11.9 135.2 94 
5@ 28.57 17.41 18.14 45.6 i@.6 Phe 135.7 84 
SQ 28.57 17.32 18.14 43.7 10.6 fied 185.1 .23 
43 70.62 17.43 18.39 48.56 1@.5 Mas {84.9 . 54 
39 20.58 17,55 18.72 48.7 18.6 tt. 184.9 94 
28 29.57 hia tSp27 43.7 13.5 {i.] 185.8 94 
22 2@,68 a ae a 19.3@ 48.7 18.8 1 ee | 185.0 94 
3@ 28.59 17.59 18.75 48.6 1@.6 i. 185.1 94 
4 20.62 i7.42 18.38 48.7 1@.7 je ee 185.1 . 34 
56 22.68 iieSs i8.t? 48.6 18.6 eee 185.9 . 94 
Be 22.69 17.56 18.27 48.7 18.5 14.4 185.9 94 
79 22.68 17.85 18.19 48.7 13.5 Peet 185.8 94 
82 29.57 17.57 iS .té 48.7 12.7 i a 185.3 94 
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Program Name: DRFALL 
Raw data stored on file: $482 
Data taken by: | INCHECK 
Tube type: RECTANGULAR FINNEO TUBE. 
Fin spacing, width, height: 1.58 1.38 2.49 (mm) 
Tube material: | STAINLESS<STEEL 
Thermal comductivity: | (4.5 (W/mK? 
Inside diameter: 3.) (mm) 
Root diameter: 14.26 (mm) 
Pressure condition: | VACUUM 
Room Inlet Qutist Steam Gage Xducer 
Flow Temp Temp Temp Temp Press Press ~ Volts 


oo, 


(pet) (deg) degli (degC) ‘degt) (KPa } (KPa) CY) 


a | - 


80 20.25 7.17 17.77 43.6 19.5 1@.8 198 
72 20.26 17.37 18.03 43.7 19.5 {7.8 198 
69 20.25 17.47 18.28 43.6 1@.5 19.9 198 
SQ 20.31 17.33 18.17 43.6 18.8 i@.9 198 
4@ 28.32 7.37 18.35 48.7 12.7 11.@ 198 
3@ 4628.3@ 17.49 18.89 48.7 1.7 11.8 $98 
2@ 280.35 7.64 19.18 43.5 18.5 1@.9 198 
20 20.37 {7.86 9.23 43.6 i@.7 13.@ 198 
20 28.35 17.46 18.65 48.6 10.6 11.8 149 
42 20.37 17.41 18.239 493.7 12.6 11.9 197 
SQ 20.39 7.38 9.2% 43.2 82 {t.2. 198 
6@ 20.4 ae a 48.6 18.6 19.9 97. 
70 20.39 {7.59 18.24 48.8 18.7 on ei 
82 20.39 17.59 18.12 48.7 12.7 (1.8 198. 


SIwe nen yo o- 
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Frooraia Nama: ORPALL 
Raw data stored an file: S438V2 
Data taken by: INCHECK 
Tube type: RECTANGULAR FINNES TUBE 
Fin spacing, widih, height: 1.58 1.838. @.42 (mm) 
Tuba material: STAINLESS~STEEL 
Thermal conductivity: 4a Cs mk } 
Inside diameter: iZ.tt (mm) 
Roct diameter: 14.26 tam) 
Pressure condition: VATUUM 
system power: S.82 (nh 
Steam vaiocity: }.37 (m/s) 
This analysis includes eand+fin aftact 
HEATEX insert installed in tube ° 
Ennancements based an cemparison to Incheck smooth tube data 
a . 
Wilson Pict regression sea eae = 8.999 
Ci (based on Petukhov—-Ropo: = 2901 
Aloha (based on Nusselii a W.973 
Enhancement (constant Reat fiux? = 1.267 
Enhancement (constant tems drag) = 4.194 
| Overall ‘Gutside ‘Inside 
Coolant Heat Xfer Heat Xfer Heat xfer Heat 
Velocity Coefficient Coafficient Coefficient Flux 


Data LMTB Vis | Uc os Ho : Hi Qn 


# (degt) (m/s) -(W/m?2-K) 9 CWém*2-K > (W/m*2-K) CH /m*2 3 
{| S1.18 4.18 7.2@tE+OS 1,\S83E+24 F.918E+O4 2.183E+@5 
2 31.03 3.67 6.92@6+93 {.B91E+O4 3.5186+@4 2.14 7E+05 
3 39.88 3.15 5 .7E8E+O5 bs Ba4e+O4 3. }SSE+OS bs O75E+5 
4 38.85. 2.85 6.S!SE+@3 1,4048+04 2.874E+@4 2.819E+05 
5 32.65 2.14 §.234£+83 1.4226+04 2.257E+04 1.923E+05 
6 30.57 1.63 S.891E+@3 {.48@E+04 1. 7BGE+O24 1 .BO1E+OE 
7 S3@.12 4.12 S.3@1E+@5 1.5438+04 | .31ZE+04 1 SSTE+@S 
8 20.19 1.12 S.S31E+@3 1.587E+O4 1.313E+04 1.509E+05 
9 3Q.52 1.83 S.8S36+0@3 1.46 7E+04 1. 7Q5E+04 1.78 7E+25 

19 ° 30.81, 2.14 §.Z8Q@E+@2 1.495E+@4 2.258E+24 1.928E+85 
ti - 3B.87 02.85) G.AFIE+QS 0G. 3RSE+B4 «= 2S PSE+O4 = 2. BA4E+OS 
12 30.83 3.18 G.7Z3E+@3 1.3926+94 S.1Q2E+84 2.G76E+25 
13 30.94 3.67 6§.8926+05 i.37SE+04 S.5276+04 2.135E+95 
4 30.84 4.18 S.987E+@Z {,3S5E+24 S.Q57E+@4 2.1558+25 
Avg a »AZGETBS + SS9ee0s 
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Program Name: DRPALL 
Faw data stored on file: 575V} 
Data taken by: - INCRECK 


fube type: RECTANSULAR FINNEB TUBe 
Fin spacing, width, height: 1.58 {!.8@ @.75- (mm) 
Tube material: STAINLESS-STEEL 

Thermal conductivity: 14.3 (W/mK > 

Inside diameter: 13.46 (mm? 


Woo] M UW Pp Of fh - 


Reot diameter: 14.25 (mm) 
Pressure condition: VACUUM 
Room Inlet Outlet Stearn Gage Xducer 
Flow Temp Temp Tamp Tamp Fress Press Volts Current 
(pet) (deg0? {degl) (deol? (degl? (KPa) (KPad~ (U3 
S@ 29.52 18.81 13.55 45.5 10.7 12.8 198.1 1.64 
7200 2@. 35 18.93 19.52 43,8 11.2 11.@ 198.1 1.84 
BG 21.47 19.07. 19.73 48.7 1?.@ 11.98 198.2 '.Q4 
59 29.59 78.95 rae72. 48.7 $1. 19.4 198.1 1.24 
4Q 21.38 19.85 Loans? 48.7 11.9 1@.9 197.6 1.24 
3 Z1.et 19.25 24.59 AQ. 11.8 11.8 198.2 $.@4 
2 27.8] 19.35 28.75 48.5 ig.g 12.9 148.3 1.94 
ZO 21.58 19.39 28.78 48.7 1@.9 10.9 198.1 1.34 
S3@ 21.@2 19.34 20.23 48.7 1L@.95 18.9 198.28 {.@4 
43 28.65 19.82 19.89 48.6 11.9 1g.9 198.9 1.04 
5@ 20.54 18.95 19.78 48.6 12.9 12.9 198.2 14.04 
6@ 21.26 18.86 19.54 43.8 1} .@ 11.8 197.9 1.04 
7@ 21.36 19.85 18.64 48.7 11.2 11.8 197.3 1.04 
8G 21.82 19.96 {9.6@ 48.5 11.2 19.9 198. {.@4 
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Program Nama: 

Raw data stored on file: 
Data taken by: 

Tube type: 


Fin apacing, width, heigne: 


Tube material: 
Thermal conductivity: 
Insicge diameter: 

Root diameter: 


Eb<Zo 18.46 | 18.38 





BDRPALL 
S75Vz2 
INCHECK 
RECTANSULAR FINNED TUBE 
1.5@ 1.00 @.75 (mm) 
STSINLESS~STEEL 

14.35 CW’ D 

13.18 (mm) 

$4.25 (mm) 
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Pressure condition: VACUUM — 
Room Inlet Outlet Steam Gage Xducer 
wv Temp Temp Temp Temp. Prass Prass Volis 
) (dagl) (degli? (degS> ‘(degl) (KPa) (KPa? - (Y 
28.99 18.88 19.4@ 43.6 i1.9 19.5 1o7<3 
20.95 18.39 19.46 43.9 LisZ 1G, 3 197.3 
21.82 18.9) (3.55 48.8 it. 11.@ 198.8 
21.82 18.96 {8.638 48.8 11.23 11.2 198.8 
21.02 18.72 19.57 43.7 11.@ 1@.9 138.3 
Zt e 18.77 19.8¢ 48.2 11.0 1@.9 198.2 
2t.i12 . 18.88 2@.22 48.7 PTse 11.@ {98.2 
Zialeé 18.87 29.2 48.7 Tt.@2 17.8 198.2 
21.15 18.53 19.66 48.7.. 11.@ (172.8 158. 
2t.i4 13.46 13.31 43,3 11 .@ F1.@ 13021 
2S 16.59 19.12 48.3 11.0 11.2 138.3 
21.14 18.34 '§.98 42.8 14.8 11.@ 198. 1 
21.16 18.48 19.36 48.7 17.8 12.9 13729 
48.92 11.2 41.@ LSiac 
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Program Name: 


Raw data stored on fila: 


Data taken by: 
Tube type: 


Fin seecing 


= 7 


fube material: 
Thermal conductivity: 


Inside diameter: 


Root diameter: 


width, height: 


Fressurs condition: 


Flow 
(Het) 4 
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13.68 
19.86 
28.88 
29,88 
22.36 
20.62 
21.89 
21.26 
28.65 
20.41 
20.35 
20.45 
20.38 
20.34 


DRPALL 
Sg5¥Vt 
INCHECK 
RECTANGULAR FINNED TUBE 
1.88 @.95 (mm: 
STAINLESS-STEEL 
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VACUUM 
Steam Gage — 
Temp Press 

(deg) (KPa) 
48.6 12.8 
48.3 18.8 
48.6 13.8 
48.3 th 
48.6 1@.8 
48.3 18.8 
43.8 1@.& 
43.8 12.8 
48.9 i@.g 
48.5 me 
43.6 8 
48.8 .@ 
43.7 @ 
48.7 .8 
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Prsqram Name: . DEPALL 

Raw data stored on file: S362 

Data taren by: INCHECK 

Tube type: RECTANGULAR FINNED TUBE 

Fin spacing, width, height: {.5@ %.@@ @.95 (mm) 

Tube material: . STAINLESS-STEEL 

Thermal conductivity: 14,3 (Wim-K? 

inside diameter: (3.08 (mm) 

Root diameter: 14.24 (mm} 

Pressure condition: VACUUM 

Room Inlet Outlet Steam Gage Xducer 
Flow Temes Temp Temp Tamp Press Press Volts Current 

(pet) (degS) ‘4degfl) (degC? (degt> (KPa? (kKPad. (V2 

8S 21.97 i9.@é 19.58 48.7 1.4 Pia iS7.6 1.83 
7G 21.95 15.21 19.77 43.7 1t.4 11.4 i$8.@ ?.@4 
6@ 21.97. 19.32 19.94 48.7 [i444 “Idxa tS7s9 1.84 
SG 23.87 19.29 13,32 48.7 11.4 Lig 197.9 1.04 
49 21.51 19.28 2@.3 48.7 ies ti.4 198.1 1.94 
33 21.45 19.35 20.236 48.7 4.4 tao 198.2 t.04 
29. 23,47 19.54 29.85 49,5 t}.4 11.3 197.93 1.04 
20 «21.41. 19.47 20.79 43.7 11.4 11.3 197.8 1.04 
20 8624.25 {9.28 20.32 48.6 18 bles 138.8 1.94 
49 21.38 19.17 28.61 43,8 ii.4 11.4 198.1 1.34 
5a teoe 13.%1 19.82 48.7 11.4 iS 196.3 1.@4 
6@ 21.36 13.@6 19.68 44.5 ti ibad 1938.1 1.04 
72 21.3353 19.20 19.77 43.7 11.4 11.3 198.8 1.84 
B82 821.43 19.49 19.7} 48.7 iad ti.4 198.3 1.04 
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Program Name: ORPALL 

Raw data stored on file: Si25vl 

Data taken by? INCHECK 

Tubs type: RECTANGULAR FINNED TUBE 

Fin spacing, width, height: 1.58 11.88 1.26 (mm) 

Tube material: STAINLESS-STEEL 

Thermal canductivity: 14.3 CWim-K? 

Insidge diameter: 13.88 fam) 

Root diameter: 14.21 (mm? 

Pressure condition: VACUUM 

Room Inlet Outlet Steam. Gage Xducer - 
Flow Temp Temp Temp Temp . Press Press Volts Current 


(oct) (deol) (deg?) (degl) (dego? (KPa } (KPa) . (YD) 


wma tn ok oP 


8@ Z1.8@ 28.38 20.85 43.7 i@.5 12.49 197.9 1.04 
7@ «21.38 «= 28.42 = 28.92 48.68 19.3 1@.9 198.8 1.04 
68 21.96 20.48 21.04 49.6 12.4 19.8 198.1 1.03 
S@ 21.85 20.29 28.93 42.8 10.3 71.0 198.1 1.84 
40 241.58 - 20.31 21.06 43.9 11.8 11.0 198.8 1.04 
 3O 24.82 28.32 21.23 43.8 76.1 12.8 198.2 1.03. 
2@ 21.87 20.45 21.64 43.8 11.@ 11.9 197.8 1.05 
28 21.92 20.42 21.82 48.8 13.8 14.0 197.9 1.03 
3 6-21.98 20.11 21,083 48.7 13.9 192.9 {88.2 1.04 
4G 21.93 ‘19.98 20.74 48.8 11.9 19.9 97.7 1.93 
S@ 22.03: 19.91 28.56 48.7 10.9 i@.9 197.9 1.04 
S@ 22.15 28.89 ~ 20.86 Ag .8 18.9 1@.9 187.7 1.84 
72 «22.13 20.06 20.57 48.6 10.8 i@.9 {57.6 1.24 
8@ «22.12 28.068 20:53 48.2 19.3 1@.9 $98.1 1.04 
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Program Name: QRPALL 
Raw data stored en fila: $1Z26Vi 
Data taken by: THERE Ch 
Tube type: | RECTANGULAR FINNED TUBE 
Fin spacing, width, height 1,59 1.88 1.26 (mm? 
Tube material: STAINLESS-STEEL 
Thermal cenductivity: 14.3 (Wienke 3 
Inside diameter: 13.88 (mm? 
Root diameter: 14.21 (mm 
Pressure condition: VACUUM. 
System power: 5.86 (KU: 
Steam velocity: i.98 (m/s) 
This analysis includes end-fin effest 
HEATEX insert installed in tube 
enhancements based on comparison te inchéeck smooth tube data 
Wilson Plot regression coefficient = 0.999 
Ci (based on Patukhov-Popovi: .' om 2.886 
ipha (basad on Nusselt? es « QO, 446 
Enhancement Sean Gtane neat - “Blux) «= $,888 
Enhancement (constant temo drop} = @.915 
Overall -Qutside Inside 
Coolant Heat Xfer Heat xfer Haat: xfer Heat 
Velocity Coefficient Coefficient Cosffigient Flux Ts-Twall 
fata LMTG Vu Uo aK > ee “Gp Txt 
# (cdegl) (m/s? C(W/m°2-K) ft Wimte-K ) (Qsémi2—-K } (W/m? 3 {degC} 
| 28.31 4.28 4S.9486+03 -1.083E+2¢4 S3,271E+@4 i t.S7IE+@5 15,72 
2 27.95 3.69 S.807E+@3 1.@6tE+@4 2.931E+24 {,.6236+85 15.38 
3 27.82 3.17 S.68S5E+03 1.07SE+84 2.S85E+94 {.5S81E+@5 14.72 
4 28.28 2.66 5, A8SE+83 t. a7 7E+@4 ¥.226E+@4 1.S546E+@5 14.36 
5 23.2 215 5. 2256+03 i. S8ZE+G4 1. .SB1E+o4 { 47d4E+as fSa62 
E 28.85 1.54 4, S@8E+95 t./@9E+84 1. 484E+@4 1, 377E+85 12s8e 
y er. te ree 4, 475E4+83 1.192E+@4 ].29@E+34 t.,c4ZE485 t@.43 
8 va a fats 4,4895+03 1, 208Ee+Q4 Ls rpeenabe 1. 246E+05 16.37 
$ 28.17 1.64 4.925E+@3 f.118E+Q4 1.480684 1.387E+0S 8612.48 
19 «6-28.40 62.35 8 8§.247E+85 861. QS4E+B4 1. ae 1.49@E+85 13.62 
It «6 28.51 «2.88 S.483E+05 :.0728+94 2.2186+04 +t. SS7E+95 14,52 
i2 28.4) «3.1706 SS. BS5E+@3 6 .GBGE+A4 «8602 .S7SE+O@4 «=|. S@BE+A@S = 15.87 
i: 23.47 3.69 5. 774E+83 t.@Sieta4 ic geaciabaes 1.6446425 15.64 
i 4 278.49 4.2 5. 8535E+@3 1. @35E+64 3. 250E+84 }.58@E+85 i6.t! 
Avg | ! AGAR +84 1 S@8E+95 13.88 
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Program Name: ORPALL 
Raw data stored on file: SI 262 
Data taken by: TNCHECK 
Tube type: RECTANGULAR FINNEG TUBE 
Fin spacing, widtn, height: 1.98 s.@8 1.275 (mm) 
Tube material: STAINLESS-STEEL 
Thermal conductivity: ~ T4aLS CWemn-K } 
Inside diameter: TS.B5 (mm) 
Root diameter: 14.271 fmm ie 
Pressure condition: VACUUM 
room Inlet Gutiet Steam age Xducer 
low Temp Temp = Tamp Témp ‘Fress “Press (Volts Current 
(pet? fdegC? (degC) (deol) Cdegt? ‘KPa> (KPa OY? 
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80 22.98 i9.71 28.278 48,6 TQ.5 34.B TBS lt | 1B 
72 23.86 19.86 20.38 °°° 48.3 tes 3s an 2: (< eS 
6@ 22.95 {9.96 279.54 48.7 13.4 O08 FST.3 yb. . 
SB 23.12 19.86 28.51 43,6 ToS (O.F (Fy hes 
4@ 22.98 19.89 29.65 48,8 co = 04 
32 : 19.98 28.92 43.9 ig i.@° 97.7 ties 
28 : 29.15 21.38 43.8 5 44.3 F9BLD 64 
20 : 20.13 21.36 15 7 iP. TOT Pee 
3 13.99 20.84 8.7 5° 3Oys 4Te7.3 8 

23.58 S.7 a O.F Io 

20.4@ 8.8 3 3: 3 
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Program Name: - 
stored on File 


er Gy t . 
Tube type: 
Fin soacing, width, he 
Tube material: 
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Tam Bowers 
vslocity: 
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Wilson Plot reeression oo = |,882 
Ci <based on Petukhov— ape}  # 2.085 
Aipha (based on Nusse = &@, 768 
Enhancement ieepetane. t Pige) 7 8,d12 
Enhancement ‘constant temp drag) * 2,933 
Overall Outside side 
Coolant Heat Xfer Heat dfar Haat Xfer Heat 
Velocity Coefficient Coefficient Coafficient Fiux 
LMTD Vw Uo . Ho: HE ieee 
(deal) (m/s) (Ww/m*2-K ) Cuime 2K) (Wem 2-K 3 (Wim” 
28.91 4.2@ 5 .982E+83 1. @84E+04 S,.S72E+94 1,729£+05 
78.65 3.69 5.9@5E+@3 1.866 +04 3.925E+84 1.5918+a5 
28.42 3.17 5S.745E+03 1.@8@E+04 2.872E+04 1.833E+a5 
28.46 2.86 S.5746+03 1.8946+@4 2.38@E+04 1.585E+25 
78.50 2.15 S,5412+OZ !1.419E+94 1.9246+@4 1.522E+95 
28.45 1,54 5. 8256+83 1. 139E+@4 i SSSE+G4 1.43@E+65 
28.983 1.13. 4.5836+83 1}. 2@6E+04 1, 128E+84 1 279E+8S 
28.@2 t.13 4, S71E+83 1. Z213E+@84 i. 1Z8E+O04 1, 28tE+GS 
Lei 1.64 5. 930E+S3 1. 142E+04 1. S346+94 1.424E+@5 
28.48 °2.915 5.522E+03 1, 192Z2E+O4 1.922E+24 1.515E+O5 
23.53 2.66 5. S84E+83 1,898E+04 ci 7etQa 1 SQSE+O5 
28.44 Scat %. TATE+ES 1.@82&+04 2,659E+84 1,S3SE+9 
28.45 4.63 5. 83826+93 1, O72E+04 3.8285+94 t 6735785 
200nt 4.29 5.975E+@35 {.@516+g4 3. 3580E+34 1. 7@1E+25 
{. 13 GE+O4 1,S58E+@5 


Ts- 
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T.2? 
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62 


43 


52 


7% 
8A 


Room Iniat Cutler 
Teme Tanp Tempo 
(oct? (deg? (degt? (degl? 
2@.29 17.39 ier are We 
20.32 17.438 18.88 
20.28. 17.53 teat 
20.354 rieod 18.87 
200s) 17.4 18.22 
20,268 17.48 18.45 
29.35 17.83 18.83 
20.38 17.82 18.86 
28.31 cle 18.33 
20.34 17.24 13.04 
, 26.35 17.165 L7s8a 
20.54 37.19 biv64 
28.32 a et ake: 17.76 
20.34 17.24 rarer 
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Pragram Name: 


Raw data stored on fils: 
Data taken by: 


Tube type: 


Fin spacing, width, height: 
Tube materiai: 


Thermal conductivity: 


Inside diameter: 
Root diameter: 


FPeassure condition: 





DRFALL 
Sf42U3 
INCHECK 
RECTANGULAR FINNED TU 
1,58 1,08 1.42. (mm) 
STAINLESS-STEEL 

L4.35 (Wek D 

13.18 Cmm i 

14,28 (mm) 


UBE 


VACUUM 
Steam Gage Xducer 
Temp Press Prass Yoits 
deal ) (KPa? (KPa) (V3 
48.6 16.9 {2.9 133 
“48.27 11.8 °1@.9 98. 
48:7 “41.8 19.9 [3 
43.7 1.2 it.@ 197 
43.5 18.4 ae ee {o8. 
pe ae 12.8 10.9 198 
. 48.5 1@.3 {@.8 188 
(48.5— 12.8 (—t@.8 198 
48.5 12.7 18.8 ‘ge. 
42.6 12.8 i@.4 (de. 
48.7 12.9 19.9 . 197. 
48.6 i@.8 12.9 1o7. 
48.6 - ig. 18.9 {98 
48.3 1@.3 19.3 198. 
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Program Name: DRPALL 

Raw data stored on file: St 42us 

Data taken by: THCHECK ; 

Tube — RECTANGULAR FINNED TUBE 
Fin spacing, width, height: 1.528 | 06 1.42 (mm) 
Tubs mate cat STAINLESS-STEEL 

Tharnmal ere $4.35 Sum K) 

Inside diameter: 13.78 Cmm3 

Root diameter: 14,25 Cmm? 

Prassure condition: VACUUM 

System Bowser: B.&1 (KW) 

Steam velocity: 1,47 im/s3} 

This ana alysis includes end-fin effect 

HEATEX insert installed in tube 

Enhancements based on comparison to Incheck smooth tube date 


Lo3 


Wilson Plot regression ccefficiant = 1.4ga 
Ci (basad on Petukhov-Popov?) a 2.436 
Alpha (based on Nusselt = 8.708 
Enhancement - onstant heat Flux 3 = 9.929 
Enhancemant rietant temp drop} = @.869 
Overall Cyitside inside 
Coolant Heat xfer Haat ¥fer Heat Xfer Heat 
Valocity Coefficient Coefficiant CoéPficient Flux 
Data LMTD Vig Us Ha 7 Hi 95 
t (deogt) (m/s? (Wim ark } (WAM Z-K 3 (lism°2-K ) cust 2 } 
{ 31.03 4.198 S.5Q9E+Q@R 9.4¢3E403 F.958E+04 1. 7@9E+05 
2 88.93 3.87 5.462E+@3 S.6Q7E+O03 B.Q11E+d4 1.890E+@5 
3 30,87 £3.1t6 5. 342E+83 3.567E+@3 2.655£+84 | .549E+@5 
4 31.01 2.65 5.2226+0@3 9.8828+93 2.286E+04 1.81 98+@5 
5S 38.78 2.14 4.9 Q.915E+@3 J 12E+04 ,SZSE+05 
6 38.59 1,83 4.7 | @28E+84 71 SE+a4 -4A55E705 
7 30.30 4.12 4.2 |.Q67TE+@4 1.1 21E+04 .SO2E+85 
8 32.32 3.12 4.3 1.O73EtB4 1. 121E+@4 . S85E+@S 
9 34.74 {.53 heG ie QZif+a4 _ 1.525E+24 1,458E+05 
1@ 38.99 2.if 5.9 14 powR+ad |. S9BE+94 .554E+@5 
tf St.19 2.85 5.1! 5, TEBE LQ3. 2.232E+84 .B29E+85 
12 31.3? 3.168 ae sacha 2. GBAZE+O4 1 BETE+SS 
13 31.14 3:67 5.4 G.5318+93 3, @@ZE+84 S35Et+@5S 
14 S1yot AiG S20 5 .433E+83 5. S552E +4 2 SSEt05 
Ayg 4, IS9E+82 .S7LE+8S 


15.49 
14.15 
12.28 
i2.i7 
4.44 
15.5! 
16.54 
rare eg 
veers 
18.25 
rs. 98 





Mm) Wf IN Po 


Low 
(pet) (deel?) 


oh) 
7@ 
&6@ 
= 
48 
SQ 
22 
2@ 
3@ 
4S 
5@ 
5@ 
79 
3@ 





Program Name: - DRPALL 
Raw data stored on fiie: S1424 

Data taken by: INCHECK 

Tube type: RECTANGULAR FINNED TUBE 
Sin spacing, width, height: 1.52 1.@@ 1.42 -(mm) 
Tube material: STAINLESS-STEEL 

Thermal conductivity: t4a.3 CW /mo-K 3 

Inside diameter: 7 13.18 (mm) 
Root diamater: 14.28 (mm) 
Pressure condition: VACUUM 

Roam Inlet Qutiat Steam Gace Xducer 

Temp Temp Tempo Temp Press Press Volts 

(dagC) (degl) (degG) (KPad {KPad - (V) 


o.8t (7.28 7275 48.3 F1.@ f@.G9 198 
12.63 17.3@ 17.83 48.8 11.8 1g.G 0-4 88. 
19.86 17.35 17.94 48.7 17.4 12.8 197. 
19.86 17.17 17.85 43.5 11.2 19.8 198 
19.865 17.19 18.80 428.7 11.2 19.2 198 
19.85 17.22 18,22 43.7 11.9 19.9 198. 
19.85. 17.38 18.65 43.7 11.2 1@.9 198. 
19.74 17.46 18.73 49.7 14.3 1@.8 97. 
19.74 17.14 18.12 48.8 i?.2 12.8 97 
19.75 7,93 17.83 48,8 141.@ 1@.8 i198 
18.73 16.95 17.63 48.7 $1.2 19.8 198. 
19.77 16.92 17.52 48.7 19.4 19.9 198. 
{9.78 47.86 17.62 42.7 11.2 19.8 198 
19.75 17.86 17.85 48.7 11.2 12.9 198 
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ORPALL 
ia 
VACUUM 


Lar 4 


Prcaram Name 
Tube materia 


aN 


(9) 


uy 
orf 


a am 


-- 


ms 


iS-twa 


Fdux 7 


Inside 
Picient 


to 


or 


Red 
~e 


Outside 


compari 


on 


onstant tema drop? 
oaPficient CcoefFficiant Coef 


based 


7 
‘= 


(constant peat 
( 


5 
Ci (based on Petukhov-Rapev } 


HEATEX insert 


Enhancescn? 
Crhancement 


Enhancement 


C 


MTD Vi 


Date 


12.@6 
16.86 
NG SP a 


rT 


1.718E+95 
BSSEtO5 

1. 462E+@5 

1. 22@E+05 
464E46 


4 
+4 


¢ 
} 


E+94 


oh 
wot 


QE+S4 


+ ATIE+O4 


2 SQSE+04 
tL. Qg1ered 


2, 5 
{| B4to+24 


2 S59E+04 


ony 


9, a2 tE+03 


9.893E8+83 
+, D4QE+84 
1.111E+94 
D3GE+04 
1. QBtE+O4 
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S.497E+8 
4.299£495 
5.04 
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2.14 
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Program Name: DRPALL 
Raw data stored on file: Si42V5 
Data taken by: INCHECK, 


Tube type: RECTANGULAR FINNED TUBE 


Zin spacing, width, height: 1,5@ 1.20 1,42 (mm} 
Tube material: > STAINEESo= 97 EEL 
Thermal conductivity: 14,5 (Wém-K >} 
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inside diameter: 13.18 (mam? 

Root diameter: 14.28 (mm) 

Prasaure condition: VACUUM 

Room Inlet Outlet Steam bage Xducer 

Temp Temp Temp Temp Perass Press . Vol 
(degd) (degC) (deol) (degd) (KPa) (KPa) (Y) 
:3.55 Boe 18.81 45.9 (16.3 11.8 (37 
19.56 18.02 18.54 48.6 12.8 1@.9 195 
49.57 bias 18.55 48.7 1@.6 10.9 198 
19.58 i7.74 18.41 48.7 18,3 19.3 198 
19.58 17.85 18,44 43.6 18.8 18.5 1938 
1§.62 17.83 13.58 A8.S 1@.6 18.6 198 
19.61 17.62 18.89 48.4 18.3 12.5 198 
{9.63 i.e 13.8% 49.8 1@.8 1@.9 {$e 
13.63 17.48 18.45 48.6 10.8 i@.3 197 
19.64 17.18 17.36 43.7 1@.5 18.4 198 
{9.64 fal? VissS 48.7 19.8 10.49 188 
19.635 w7.tt 17.71 43.7 19.8 11.8 198 
19.63 7.25 7.78 49,6 19,7 19.8 198 
19.83 L{aZee Tate 48.8 18.5 12.9 198 
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Program Name: BREALL 
Raw data stored on file: $142uU5 
Data taken by: iINCHECK 
Tube type: RESTANGULAR FINNED TUBE 
Fin spasing, width, height: 1,.5@ 1.08 %.42 (mm) 
Tube material: STAINLESS-STEEL 
Thermal conductivity: 14.3 ¢i/m-K > 
inside diameter: r3.1@ (mm) 
Root diameter? {4,20 (mm) 
Pressure condition: Un CULM 
System power: b.G1 (RW) 
Steam velocity: '.97 (mss 
This analysis includes and-fin affect 
HEATEX insert instailes in tube 
Enhancements based on comparison ta Incheck smceth tube data 


Wilsen Plot rsoression coefficiant = 3.997 

Ci (based on Petukhev-Popov) = aati2 

filana (based on Nusselé ; = 8,22 

Enhancement (constant heat flux) = 8.835 

Enhancement (canstant temp ar On = &,874 

Overall Sut side Inside 
Coolant Heat Xfer Heat Kier Heat Xfer Heat 
Velocity Coefficient Ccafficient Coefficient Flux Ts-Twail 
Data LTO Vw Uo e Men, Ht Qc Tx? 
# (deol)? (m/s? (W/m 2n-k ) CWim ek 2 CW/m°Z-K d CW/m*2 (deel) 

} 40.53 4.18 S.5t25405 3. 429E 493 5.348E+G4 1, 6835+905 17.65 
Z 30.31 3.67 5§.4516+23 - SB7E+G5 2+ 995E+04 }.65ZE+85 V7a2s 
3 S945 ‘SatG S.31SE+@3 GITE+OS 2.939E+04 |, 618E+a5 16.84 
4 30.62 2.85  5.206E+02 5 aSaE+2 S,\27QE+04 1.593E+05 16.16 
5S 30.57 2.14 §.0286+93 1.0116+@4 1.896E+@4 1.5357E+95 5.20 
5 38.43 {.635 4. 724E+835 . AZBE+D4 t SPiE+O4 1.44GE+25 a 
7 3@.54 batZ 4. 288E+93 1. O75E+O4 } [ASEtOS 1.319E+O05 12.19 
8 30.58 {.12 4.236E+03 1.OB1E+@4 1.107E+04 1.313E+@S 12.18 
G 38.57 1.53 4,787E+@3 1. @69E +84 | .5@8E+84 i 468E+05 13.86 
iQ 2S ie 2.44 4.971€+95 9.3i15E+a3 +, 885E+24 1 S47E+O05 15.88 
i110 34.1906 2.65) «= S.222E+O3 864. 94SETOS «= 2. ZESE+O4 = 1 EZSE+OS = 16.27 
12 Si,a2 S016 -S,.598E703 S.BG1E+@3 2.512E+04 1.588E+@5 17.86 
12 51.7 5.1 S.9SZEtO8S S.B74E+8s 2.969E+34 1.7198+@S5 17.4} 
14 St.i@ 4.19 5.S94E+93 S.7@4E+9S 3. 3514E+04 1. 74QE+O5 17.93 
AVY 1. S57E+95 15.72 


1, QQ3E+24 e 
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Pregram Name: DRPALL 

Raw data stored on file: SSMTAd 

Data taken by: INCHECK 

Tube type: SMOOTH TUBE | 

Tube matertial:. STAINLESS-STEEL 

Thermal conductivity: 14.35 (Wem-K) 

Inside diamater: iZ.2) Siam) 

Root diameter: 14.12 tmm? 

Srassure condition: ATMOSPHERIC 
Room Inlet Gutlet Steam Gage xAducer 
Temp Temp Fema Temp Press Press Velts Currant 
(deal) (deol? ‘deogt) ‘idegt? (KPa? (KPs } CY 
22.8} ieee 13.29 1A. | 120.7 198.3 484.7 2.74 
23.2 1B..85 19.92 189.9 121.2 1@@.5 385.1 2.74 
20.02 18.8! 20.36 i@0,i 189.9 100.6 385.0 2.74 
20.28 13.61 28,63 128.3 {09.7 {86.5 535.2 2,4 
29.92 18.76 2i.iS i19@.@ [@@.5 {vo.4 384.7 2.73 
28.27 18.82 21.9@ 192.1 {22.2 128.5 385.3 Zul 
29.98 19,85 25.87 18g .3 33.9 igg.4 384.7 Bute 
29,04 '§.05 23.83 ig2.) 102.8 1@2.5 3385.1 asa 
29.06 19.@5 22.94 96.1 . 100.8 {180.7 384.3 . 2.75 
2% .88 18.99 21.39 16@.8 99.6 100.4 385.8 2.72 

98.19: 19.18 24.18 188.1 99.6 {9@.5 385.1. 2.73 
2018 19.28 28.93 186.2 108.3 100.9 S385.' 2.73 
20.15 19.40 ° 20.92 198.1 120.9 14@.6 384.9 2.75 
23.16 {9.47 28.83 14@. | 122.8 '@@.7 385.1 day 65) 
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Progran Name: or > it doe COR CL 
Raw data stored on file:: SSMTAZ 
Gata taken by: INCHECK 
Tubs type: SMOCTH TUBE 
Tube material: fe STAINLESS-STEEL 
Thermal conductivity: » [4.35 tWwim-K 
Inside diameter: Launch Am? 
Rost diameter: (4.19 ~“mm } 
Pressure conditio . ATMOSPHERIC 
System power: , 25.73 (KW) 
Steam velocity: 1.03 (m/s) 
This analysis includes end-fin effect » 
HEATEX insert installed in tube 
Wilson Plot regression coefficient = 9.9496 - 
Ci {based on Petukhov-Popov} (= 3,@F} 
Aisha (based on Nusseit) 2 8,627 - 
Gverall Gutside Inside 
Coolant Heat Xfer Heat Kfer Heat Xfer Heat 
Velocity Coefficient Coefficient Co@fficisant Fiux bs-Twall 
Gata LMTD Vw Lig Ho 3 se Gp Tet 
% (¢(deoO) (m/s; CW/m*Z2-k ) (Wem? 2-K 3 CWimt2g-k ) (iAme2 } (deol? 
i $1.47 4.11 5B. 41G6E+85 9, 382E+83 4.74, 2E+04 G22 78485 62.92 
Z 90.84 3.81 S8.3726+@3 1.0@2E+04 ¢4.247E+04 S.IStE+0S Si .4] 
S e?@.58 S543 6.355E+83 1. O31E+04 3, 7566+04 S.tZif+@S5 49.66 
4 38.35 2.81 5.135E+83 1. O@19E+@4 3. 243E+04 4,S39E+95 A8.38 
> 82.85 Pe ia | 5. G43E+@3 1.@31&+@04 2. feet 4.7681E+8S 46.29 
68 Fes Re | 1.6} 5. 714E+03 1.@61E+84 2.) 75E+04 4, 555E+@65 42.93 
7 79.85 1.32 5 .345E+83 }. i 22E+984 {.B06E+4 4,2258+95 S/<55 
8 78.99 1.198 S.B57E#@3 1.127E+@4 1.8@7E+84 4.2316+95 37.54 
g 79.52 ea 5. 74AGE+9S 1. @69E+94 2,131E+04 4,5546785 42,69 
1@ 79.88 254 | §. @@@E+G3 1.@45E+24 20a reted $.788E+@5 45.81 
ht 73.85 2.61 B8.165E+3 le eaten &,283E+04 4. 9255+¢5 43.95 
12 80.12 S211 §.325E+85 1, @22E+@4 3. BBEtS4 5. S6SE+985 49.61 
{3 73.96 3.6} &.4435E+03 1 a1 7E+O4 4,2956+@4 S.f52E+95 5@.67 
[4 79,98 4.12 8.486E+93 1.901E+04 4:7956+@4 5.186E+905 1.81 
Avg 1. DAQE+B4 ; A,649E+25 46.83 
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Program Name: ORPALL 

Raw deta stored on file: SSMTAS 

Mata taken py: INCHECK 
Tube type: SMOGGTH TUBE 

Tube material: STAINLESS-STEEL 

Thermal conductivity: 14.84 (Wem k : 

inside diameter: i3.2t (mm) 
Root diameter: 14.¢@ (mm) 

Pressure condition: ATMOSPHERIC 

Reom Inlet Outlet Steam Sage Xducer’ 

Teng Temp Temp Temp Prass Press Veits Current 

3} (degl) (degC) (deg) ‘(degl> (KRa) (KPad~ (Us 

22.2 19.85 21.22 198.08. 39.9 1@@.5 395s. Pals 
20222 19.92 21.42 188. | i9e.@ 190.5 385.2 Zete 
2092 28,22 21.74 120.9 $9.8 12.5 384.9 Bae 
20.25 . 79.35 21,394 128.8 99.6 1B@.4 384.9 2.74 
22.27 -°19.83 22.22 '@@.1 99.¢ 1@@.5 385.8 2.74 
22.58 28.24 23:91 108.1 196.8 120.7 385.1 214 
22.28 13452 22.89 $9.32 99.3 189.2 324.8 Cate 
28.29 19.83 Z5¢al {@8.0 12@@.{ 182.2 385 .@ 2ets 
22.31 19.281 22.79 180.2 128.8 t@2.5 385.2 Zu73 
2@.54 19.69 22.87 1@2.} i?@.2 106.7 385.1 2atd 
28.31 19.75 21.74 (0@.2 190.2 198.7 384.5 215 
22.35 19.7 2i1.5t 99.8 99.3 99.8 385.2 2.73 
20.32 $9.97 21.49 120.1 128.1 $20.8 384.5 2.73 
28.36 28.82 21.38 = he | 99.6 1@@.4 384.9 caper ge! 


200 





” 


(W/mK ? 


fs Aid 
CHES aN 


14.5 


" 


t 


n Patukhav~Foscov } 


ysteam power: 


Fel 
~ 
~ 


mt ° 
-“ 


a2 


it 


Outside 


Overall 


tp. 
x 


. 
tt 


Gp 


Hi 


Oo: 


us 


Data 


{deg > 
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ORPALL 


Siaat 
TNCOHECK 
RECTANGULAR FINNED TUBE 
(50 $1.08 6,16 imm) 
STAINLESS-STEEL 

t4.3 (W/m-K > 

13.22 (mm? 

14.25 (mm) 


> 


ATMOSPHERIC 
m Sage kducer 
m Prass Cmass - Yolis OUurre 
(degl: (KPa? (KPa} (U) 
120.8 iB2.3 192.2 384.8 2003 
192.e 18@.7 129.6 385.1 2.74 
12.2 194.7 1SO.4 385.8 Leth 
7.9 80.2 190.3 385.9 2.74 
108.2 168.9 1Ota 385.3 Ee 
g 99.3 99.9 385.1 2.74 
2. 99.6 {3@.4 485.8 2th 
1 93.6 10@-.4 385.2 2.74. 
2 995.3 99.8 285.8 2.74) 
i 99.5 142.5 S85.@ 2.74 
14@@.¢ $9.3 1@@.2 $85.3 2.7 
22. } 102.8 1228.5 365.9 2.7 
@ ° §§.6 1@0.3 584.9 2.74 
Zo AS. | 13@.3 385.8 © 2.74 
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ira Name: 4 CORFALL 
Faw date stored on file: S1SAl 
Data taxen by: Rae Leg CK 
Tube type: | RECTANGULAR SINNED TUBE 
Fin spacing, width, height: 1.59 {1.98 9.16 imm) 
Tube material: ‘ee PA NGeoo- oe Leek 
Thermal conductivity: l4.5 CWeiark } 
Inside diameter: 13.2¢@ Cam} 
Root diameter: $4,25 (mia) 
Pressure condition: ATMOSPHERIC + 
System cower: 25.74 ¢RW) 
Steam velocity: 1.85 (m/s) 
This analvsis includes andefin effect 
HEATEX insert installed in tube 
Enhancements based on comparison to Inchack smooth tuba data 
Wilson Plot regression coafficient = @,998 
Ci (based on Petukhov—Paopov } = 3.471 
Alisha (based on Nusselt} | = {.1@6 
Enhancement (constant heat flux) 1.473 
enhancement (constant beneversny * 1.337 
Overall guess de [neide 
Coslant Heat Xfer Heat xfer Heat,Xfer Heat 
Velocity Coefficient Coatficient Coefficient © Flux Te-Twali 
Gata LMT Vs Up Ho- _ bi Qp Tf 
$ (degld (m/s)  Ce/m°2-K} W/m 2K) (W/m 2-K) (Wim 2) (deat) 
H 81.43 4.12 7,658E+23 1, 4955+64 4. 97QGE+84 S.22@E+@5 44.28 
Zz 8@.83 3.62. T7.57@E+083 1.428E+04 4.46ZE+04 6.11SE+8S 42.84 
a 88.47 3.12 7, 428E+@s { 455E+04 3; 354514 S.S61E+85 44.93 
4 88.25 2.61 7.262E+@3. 1.455E7¢4 3.4235E+24 5 .825E+@5 i ew a 
S 80.2 2.4] 6.91 7E+835 1,447E+44 Z2.87@E+tO4 5. 547E+05 33.54 
6B 73,4 1.61 68.8556+03 1.S526E+@4 2.287E+@4 S.287E+05 34.64 
¥ 18:86 Lal B,1(S5E+83 b. BARE 1.696E+24 4.8271&+O5 38. 38 
8S 78.35 j.t? §.125E+983 | .B@SE+@4 | ,BI7E+@4 4. 829Et@5 5@.8! 
§ 79.19 1.81 G.580E+@3 I1:538E+O4 263@2E+@4 S.2B9E+8S 8 34.45 
12 73.9) 2.11 V.@SGEtOS  1.4886+04 Z.877E+@4 §.625E+05 37.54 
1 79.82 2.81 7.291E+@3. 1.475504 3.4418+94 5.819685 35.58 
[2 80.06 3.12 7.4896+03 1.488B+04 3.987E+04 5.995E+25 41.07 
130 79.85 3.82 7.8646+05 1.457E+G4 4,5288+04 S.tZ1E+O5 42.02 
i4 (S20) 4.72 7. 7L4E+@3 1 4235E+04 5 .aSS5+@4 6. fS7E+@5S $5526 
AYG ! 4856704 S.e87E+@5 56.50 
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Frogram Names: 


ORPAL 

Raw data stored on fila 5isAz 

Date taken by: TNCHECK 

Tube type: RECTANGULAR FINNED TUBE 

Fin spacing, width, height: 1.58 1.0@ @.16 fmm: 

Tubs material: . STAINLESS-STEEL 

Thermal conductivity? 4.2 CW émo-K? 

Inside diameter: 673.88 mm? 

Root diameter: 14.25 (mm) 

Pressure condition: ATMOSPHERIC 

Room Thiet Ontiat Steam Gage Xducer 

ws Temp Temp Temp. Temp Press Press. Volts 
) (deg) (deg) (degd? fdegt) ‘KRat (kPa) (WU) 

19.85 19.49 21.6! 188.2. 93.6 108.4 385. 
19.98 19.63 21,435 183.1 99.6 186.5 386. 
19.98 9272- “20275 $9.9 S32 12@.@ 395. 
3.55 19.62 21.99 192.8 g39.4 19@.2 384. 
19.35 19.52 22.33 ‘9a29 99.1 102.1 384.95 
19.98 19.55 23.04 100.1 49.7 108.5 384.8 
fs.42 19.58 24.29 100.3 128.@ 108.7 385.1 
19.98 19.64 24,25 196.6 95.3 198.3 385.@ 
lees 19.50 22.98 1@@.2 gg. 99.9 384.83 
fe: ee) 19.30: 24226 1e@.@ 95.3 199.2 385.8 
20.81 19.49 21.88 108.2 182.8 1@8.8 385 
20.94 19.52 21,59 188.1! 99.8 19@.6 385. 
20.04 19.74 21.88 180.2 198.0 108.9 380. 
20.9% 19,76 21.48 99.8 98.5 99.6 384. 
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rogram Name: BRFALK 
i data stored on file: $1682 
Data takan by: INGRECK 
Tube type: REO TANGULAR FINNED TUse 
=in spacing, width, height: 1.58. 1.22 @.16 (mm 
Tube material: STAINLESS“STBEL 
Thermal conductivity: 114.3 Osa K 
Inside diamevar: 13.26 (mm? 
Root diameter: 14.25 tom) 
Peassure conditions ATMOSRHERIC 
System cower: 25.75 (KW? 
Steam velocity: 1,83 t/a) 
This analysis includes end-fin- effect 


HEATEX insert installed in tube 
Enhancements based on comparigon ° to Incheck smoath 


TT 
ok 
ws 
iit 
o 
aT) 
ct 
5 he 


Wilson Plot regression costficiant 2.998 
Ci (based on Fetukhov-Popovs. — = 3.182 
Alpha (based on Nusselt). ee 
Enhancement (constant heat flax} -= 1.494 
Enhancement (constant temp drep? = 1.38! 
Overall Qutside Inside 
Coolant Heat Xfep - Heat Xfar Heat fer Heat | 
Velocity Ca eo Coeffieient Ceaafficient Flux  Ts-Twall 
Data LMToD Veg Uc . Heo ~ BL Qp Txf 
# (degO) (m/s) (W/m? 2K) -CWAmPEoK ch sm eK ) CWsm*s 2 (deqc) 
1 72.78 4.12 7.873E+83. 1.418R704 4,8S88+04 G.1206+8@5 435.17 
> 79,58 3.82 7.S9@E+05. .1.458h184 3.48GE+04 §.Q40E+@5 41.98 
Z 79.15 3.12 7.487E+@5 1,.450E+04 Z.93{6404  S.S13E+@5 40.45 
a GO.AS 260) 7. 303E+03 | 4@8E4+94 3.991E+O4 S.78@E+OS 38.84 
5 79.00 <.11 7.Q34E+93 1.5@9E+24 2,8596+04 S.S57E+85 36.95 
5 78.75 1.81 6§.696E+93 1.58tE+04 2.270E+04 S.2736+0S 33.78 
7 78.89 ?%.i1 G.129E+035 { S34E+B4 1.875E+04 4, 786E+85 29.32 
8 78.@5 i.it B.1S4E+0S 1.5396+24 {1.B74E+04 4.7687E+@S 29.25 
¢ 78.78 1.81 @.S8SE+Q3 1.545E+04 2.268E+04 S.2496+2S 35.97 
19 79.25) «Oo 211) FAOZTESOS «= -SO4ETO4 =—- 2. BSSETDS S.584E+@5 37.280 
+) 79.5006 2.BL 7. BB4EHOR «1 STTETOS «= 3, FOTETO4 =. SABETES 38.72 
12 0679.58 3.12 7.S75E+@3 1.5026+04 3.9226+04 6.d26E+ 5S 4@.12 
13 79.55 3.62 7.847E+d5 |. 4596+04 4.455R4+24 6.082E+25 41.72 
i4 7S.25 4.12 7.849E705 (4778404 4.87)5+@4 &.220E+05 42.19 
Ax g i SIBE+94 es S.S868QE+05 37.55 
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Procram Name: ORPALL 

Raw data stored on file: 528A i 

Nata taken by: INCHES 

Tube type: RECTANGULAR FINNED TUBE 
Fin spacing, width, height: 1.50 1,88 8.22 (mm) 


Tube material: 


STAINLESS-STEEL 
Thermal comductivity: } 


14.3 (Wém-k 


st oO i Ol ho 


wows el el cated 


BOR -— & wo 


inside diameter: i3.15 imm) 

Root diameter: 14.25 (mm) 

Pressure condition: ATMOSFHERIC 

Room Inlet SQutiet Steam Gage Aducer 
Flow Temp Temp Temp Tamp Press Press ~ Volts Current 

(get) édagl) (deg) (dege? (degt) {KPa} {KPa} CY 

83 20.12 $8.24 20.05 (@@.5 192.8 i@1.6 385.0 2.74 
74 20.15 13.78 28.78 190.1 1Zi.4 190.7 384.8 2.74 
B@ 828.33 19.22 21.27 180.3 1Qi.4 1902.7 385.0 2.75 
5@ 2@.18 19.@7 21.86 188.1 1@1.4 109.6 384.9 2.74 
4@ 20.21 boa Eece? 120.1 141.8 i@@.4 385.0 2.74 
30 29.2! 19.38 23.12 tao. t 100.7 149.6 3@4.9 2.74 
28 20.25 19.53 24.45 190.4 1Q@8.2 {96.7 385.3 2.74 
22 28,26 19.53 24.46 186.2 19@.@ 199.4 385.8 2.74 
3Q 20.27 $19.52 23.27 , 39.9 98.2 99.9 384.9 2.74 
49 26.29 19.94 22.62 18@.1 i822 108.6 364.9 2.74 
5@ 20.23 19.686 22.25 49.9 99.6 1@@.2 385.1! Lit9 
68 28.31 19.81 22,07 1a@. }- 198.0 10@.5 384.9 2.75 
7@ 20.35 28.16 22.16 102.1} 132.@ 108.5 384.9 2.74 
8@ 20.236 20.28 22.87 tQ@.} 19@.5 385.@ 2.74 
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Program Name: ORPALL 
Raw data stored on file: SeBAi 
Gata taken ay: INCHECEK 
Tube type: RECTANGULAR FINNED TUSE 
Fin apacine, width, height: 1.5@ 1.8@ @.25 (mm 
Tubs material: STAINLESS=5STEEL 
Taermal conductivity: 14,3 Ch/mni } 
inside diameter: Seto" mmo 
Root diamster: 14.23 (mm) 
Pressures conditian: ATMOSPHERIC 
System power: 25% 73 Che? 
Steam velocity: 1.@35 (m/s} 
This analysis includes end-fin effect 
HEATEX insert instalied in tube 
Enhancements based enc mparison to Incheck smooth tuhe da 
Wilson Plot regression caafficient = 8.98% 
Ci <based on Petukhev-Popoy ) = 3.831. 
Alpha (based on Nusselt? = 1,223 
Enhancement (constant heat flux? = 1.831 
Enhancement (constant temp drop? = 4.685 
Overall Quiside Inside 
Coolant Heat Xfer Heat Xfer Heat Kfar Heat 
Velocity Coefficient Cosfficient Coefficiant Flux 
LMTO Via” Uc Ho . HE Gp 
{degC} <m/sh (W/m*Z-K) (W/m 2nK 3 (u/m°2-K ) (W/m? ) 
@1.35 4.15 §&.4415+85 1. 748E+04 4,884E+24 &.887E+@5 
8.45 3.65 8.351€+83 1.798SE+O4 4.4716+04 G&.71SE+@5 
80.15 3.14 G.177E+@S 1.802E+94 B.905E+24 8.553485 
79.79 2.63 7.948E+32 1, 827E+84  S.2766+04 8.3418+05 
(3-00 2218 © 2e6SZ2E*85 1,857E+@4 2.8536+84 €.@58E+25 
738.88 '.62 7.23@E+@35 1.952E+04 Z.269E+24 5. 7Q@SE+85 
T8s18 Pett 5.5486+2353 Z2.@i1S&+@4 | S7SE+O4 SB. 1 TSEtSS 
728.81 ald 8.573E+@3 2.8643E+04 },676E+04 5.128E+25 
78.47 1.62 7%.235@E+22 {.9286+@4 2.273E+84 S.675E+@5 
4340 Zaet: ~ GTeteserOs 13 SQ6E+04 2.84367+04 68.1 @2E+O5 
76.94 2.63 8.@11&+@3 {.8546+04 3.398F+04 §.324E+05 
79.17 3.14 8.321683 {:.G64E+G4 3.9418+@4 6.588E+05 
78.92 3.85 §.482E+03 |}.S38E+Q4 4.4826724 §.694E+95 
78.95 4.15 8.S85E+93 1.79SE+04 §.008E+04 6.778E+05 
| 1.871E+04 ic 8.1895+@5 
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Program Name: ORP ALL 

Raw data stcred on 7ile: E28AzZ 

Data taken by: TNCHECK 

Tube type: RECTANGULAR FINNED TUBE 

Fin spacina, width, haight: 1.98 7.0@ 8.28 Cam) 

Tube material: | STAINLESS-STEEL 

Thermal conductivity: f4.3 ¢WhinmK ) 

Inside diameter: {3.15 (mm) 

Reot diameter: {4.23 (mm > 

Pressure condition: ATMOSPHERTS 

Room Iniat Qutiet Steam Gage Xducer | 

wt Femp Temp Temo Teme Press Press Volts Current 
> (deg) (deg) (degC) (deat) (KPa? (KPa) (UY) 

19.98 18.233 28.08 06.0 108,7 10@.5 384.9 2.75 
19.96 18.65 28.508 {192.02 190.7 1@9.3 385.@ 2.75 
19.98 19.@1 21.28 100.8 26.1 10@.2 364.5 2.75 
19.99 19.92 21.53 1@@.+ (@@.7 188.6 364.8 2.75 
19.99 9.18 22.31 99.3 99.8 188.2 384.8 2.75 
20.84 $9.39 22.83 1@@.1 $9.8 108.5 385.2 2.78 
?@.11 19.58 24.36 g¢g.8 99.3 99.6 385.i 2.75 
28.11 9.81 24.48 88.2 198.5 100.8 384.9 2.7 
20.22 19.78 23.41 1(80.@ 190.0 188.5 384.9 2.74 
20.8! $9.72 22.70. 100.0 104.3 {98.8 385.0 2.7% 
20.07 (9.87 22:35 1@8.@ 109.@ 188.6 385.0 2.75 
20.04 19.90 22.11 99.9 95.3 {80.) 385.8 2.75 
29.07 20.18 22.12 108.0 (80.0 180.5 384.9 2.75 
20.95 20.231 22.95 106.4 99.9 100.3 384.9 2.75 
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Program Name: 
Rat 

Gata 
Tube type: 


: 
‘ 
mo 


rim spacing, 


data Star 


taken by: 


width, neign 


Tube material: 

Thermal conductivity?. 
inside diameter: 

Root diamatar: 
Pressure condition: 
System power: 

Steam velocity: 

This analysis includes 
HEATEX insert installe 
Enhancements based on 
Wilson Pist regress 


Cri 

i. 
; "OO 
[P 


& 
ps ee cae 
Ae 


Ad ee £0. 


Uy wet 
iy C3 
bt So 


ee aaah | s 


ib 
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ta 
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we 
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cr ts 
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iT 
woe 
“ib ¢ 


ion ca nefficiant 


Ci (based on Patu ‘elle caste 


Alona (based 
Enhancement 
Enhancement 


Coolant 


Velocity oe Coefficient Coeffiegient 


as 


40 re 3.14 
79.84 2.83 
(3.29 2213 
78.84 late 
4 tae Pent 
78.48 ke 
10.29 eae 
78.84 2,13 
73.868 2.55 
i 3.14 

“30 3.285 
78.87 4.45 


on Nusselt | 
(constant -haat flux? 


(constant tamg drap? 


Gverall 
Heat .Xfar 


Ue 


79636403 
7 .695E+03 
7.371E+83 
6.947 7E+03 
6.398792 
5. 375E+@3 
7 Ot 3Eta3 
F.49Z2E+AS 
7. 83{E+@3 
B.1SAE+OS 
$.2456+93 
& . S99E+03 
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2. 712ZE+64 
2.174E+84 
1, §8@5=+04 
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Program Name: DBRFALIL 

Raw data stored cn file: $2843 

Data taken by: INCHECK 

Tube type: RECTANGULAR FINNED TUBE 
Fin spacing, width, height: 1.58 {.&@ “A,25 (mm) 
Tube material: STAINLESS-STEEL 

Thermal conductivity: 14.5 (W/mK ) 

Inside diameter: 13.15 (mm). 

Foot diameter: 14.23 (mmi 

Prassure condition: ATMOSPHERIC 

Room Inlet Qutlet team Sage kducser 

Temp Temp Tamp Tamp Press Fress Jolts Current 
(desC) (degC? (degl? ‘degt? (Kita ) (KPa? CU} 


‘9.42 {8.2} 19.95 188.1 (Give 100.8 384.9 2.75 
19.45 {48,55 28.47 180.1 108.9 {@0.6 384.9 2.73 
19.47 18.89 20.87 {00.1 120.9 100.6 385.0 2.74 
19.53 18.78 24.22 19@.1 02.1 100.5 385.@ 2.74 
19.53 16.87 21.84 108.1 198.0 100.4 385.8 2.73 
19.56 19.91 22.686 1@@.@ 188.@ 100.4 385.2 2.79 
19.59 19.23 24.@1 100.1 190.1 %@@.4 385.8 2.75 
19.61 19.22 24.02 128.1 99.6 108.2 385.3 2.72 
19.64 19.74 22.88 100.8 1280.@ 100.4 384.9 2.73 
19.82 19.27 22.24 {98.1 190.1 108.5 384.7 2.72 
(9.64 19.27 21.79 108.2 188.5 100.8 385.3 2.72 
19.66 19.32 21.52 100. 100.3 100.7 394.8 2.72 
19.55 19.84 21.87 180.8 99.9 {@0.4 385.j 2.7! 
‘9.54 19.70 21-45 [28.1 90.3 100.2 384. 2.71 
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Program Name: ORPALL 
ata storad on file: $2883 
Raw d tormad File 

Data tanen by: - INDHECK 


Fin spacing, width, height: .1,.58 1. ‘ 
Tubs material: ‘STAINLESS-STEEL 
Thermai conductivity: {4.3 (W/mK } 
Inside diameter: 13215. 1mm 
Root diameter: t4,25 mm} 
Pressure condition: ATMGSPHERIC 
System power: . 25.73 cme 
Steam velocity: 1,03 tm/s? 
This analysis includes and-?in affect 
HEATEX insert installed in tube 
Enhancements based on comparisen te Incheck smooth tube data 
Wilson Plot regressien seafficiant 2.395 
Ci (based on PatukhovrPopey) = 3.014 
élpha (based on Nusselt } a 1.287 
Enhancement ‘constant heat flux) = 1.747. 
Enhancement (constant temp drop} = 1.619 
Overall Outside Inside 
Coolant Heat xfer Heat Xfer Heat Xfer Héat 
Velocity Coefficiant Caafficiant Coefficient Flux 
Data i LMTB Vw Ug . - Ho - by Oe 
# (deot} (¢m/s) (W/m? 2-k} Mapes CW AMSEK ) (Wem? 2) 
j 81.95 4.15 @.1286+@3 1.831 B+Qa 4. 784E+04 B.S9SE+a5 
2 88.82 3.85 8.Q07E+O3 {.649E+84 4. 3@68E+04 6.4558+95 
3 8@.35 3.14 7.865E+t@s be toe ee 3.GQSE+24 8.221E+05 
4 80.13 2,83 7.71@E+@3 1. 731E+04 3,287E+04 8.178E+05 
S 79,74 2.13 7.3B8EtBS 1.7388+04 2. 759E+04  S.875E+GS 
& Ades 1.62 6§.,9746+95 1.7H9E+04 &8,209E+@4 S.527E+aS 
% “8.45 belt 5. 344E+05 1, S9SE+O4 $,632E+04 4. S?77E+O5 
S$ 78.44 %.41 6. 359E+83 1. GOSE+44 1.632E+04 4,987E+25 
S 78.385 1.52 6.986585 |, 8878404 2.2iSE+@4 S.514E+05 
16 879.3} 2.13 7.438E+25 (.7F2E+Q4 862. 772E+04 S. 89SE+@5 
it 79,71 2.63 7.733€¢@3 1.74Q@EtOs F.208E+04 BG. 1ESETOS 
12 79.88 3.14 8.8@4E+03 1,755E+@4 3.8536+@4 G.477E+85 
‘3-78.41 3.65 G.1S7E+02 1.7098+@4 4.5596+04 6.496E+@5 
14 79.53 4.15 §.3529E+03 1. 7E4E+O4 $,S6SE1@4 §.6524E+@5 
avg 1. 754E+04 5. SS8k+9s5 
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Program Name: ORPALL 

Raw data stared on file: S38At 

Mata taken by: TNCHECK © 

Tube type: Ago FINNEG TOBE 

Fin spacing, width, neight: .52 28 2.49 (mm) 

Tube material: tes STEEL 

Thermal canductivity: [4.5 (i /m-K } 

Inside diameter: 13.25 (mm? 

Root diameter: 14,29 (mm) 

Pressure condition: STMOSRRERIC 
Room Tniet Quitlet Steam Sage Xducer 
Temp Temp Temp Temp Press Fress ~ Volts Current 
(degl) (deg0) (degl) ‘(dego) (KPa) (KFad CY} 
20.97 18.@8 19.62 S45 98.6 38.7 384.8 2.74 
22.38 18.48 28.28 192.1 1@t.4 121.2 385.8 2.74 
21.83 18.77 B.71 182. i@@.7 1@@.5 384.5 2.74 
21.83 18.75 21.2 102 .@ 100.7 189.5 385.1 2.74 
21.906 18.96 21.62 10@.2 99.6 189.5 385.1 2.74 
2t.98 13.48 2.46 99.9 Sirs ree 12@.2 384.9 2.74 
Zatz to .32 23.67 130. 99.3 {@2.2 385.2 2.4 
Zhe tt 19.32 25.68 33.9 99.3 19@.2 384.9 2.74 
aa ae ( 19.31 22.69 99.9 188.2 99.9 384.9 2.74 
71.14 19.28 21.85 182.2 99.3 108.1 385.1 2.74 
2ti.{4 19.24 21.5% 188.8 S935 ig@.5 384.9 2.14 
Zi.15 19.54 21.39 99.9 33.5 192.5 285.2 2.74 
214415 19.43 2t25 103.9 39.1 188.1 385.7 2.74 
Zbae '$.54 21.@9 192.2 94.6 102.7 385.9 2.74 
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Pregram Name: DR RAL L 
faw data stored on file: SaaA | 
Data taken by: “TNSHECK . 
Tube tyoaet RECTANGULAR -TNNED PUSE 
Fin spacing, width, haight: 1.5¥ 1.82 8.35 (mm? 
Tubs material: STAINLESS-STEEL 
Thermal conductivity: 14.3 (W/mK >) 
Inside diameter: 13.28 Cam) 
Rost diameter: 14.29 (mm3 
Pressure condition: ATMOSPHERIC 
System power 25.73 th) 
Steam velocity: +.93 (m/s 
This analysis includes snd-fin effect 
HEATEX insart installed in tube : 
Enhancements sssed on comparison to Incheck smooth tube da 
Wilson Pitot regression coafficiant = @,998 
Ci (based on Petukhov-Fopov) a 2.945 
Alpha (based on Nusselt) = 1.885 
Enhancement (constant heat flux) 3 1.437? 
Enhancement (constant tema drep? = ee 
| Overall’ Guteida imside 
Coolant Heat Xfer Heat Kfar rieat ‘fer Heat 
Velocity Ocaetficiemt Goeffisiant CogtFisient Flux 
LMTD-. Mu Ue . Ho » ARS Qc 
{degl) (m/s) (W/m°2—K } (W/m Z-K) CWUsm C2 HK } Cu/m*2 ? 
80.65 4.23 7.198683 1.3958+04 4,709E+@4 5.806E+25 
83.75 3.69 7.1196+25 1,4156+04 4.248404 S.748E+95 
SO265 . ald 7, @O5E+8S 1.436E+84 . 3.793E+04 5 .6286+95 
$3.11 2.68 6,855E+@3 1.456E+@4 3.2416+04 S.491E+05 
Vachs 2.15  §.590E+@3 | .476E+04 2.721et@4 &.255E+05 
79.10 1.84 6.287E+03 1.5346+04 2.18@E+84 4.973E405 
79.48 1.13 S.7SBE+@3 1 .8@1E+04 1.509E+04 4,515E+05 
78.4) 1.13 S.76E+@3 i.688E+@4 1,9§08E+B4 4.518E+05 
78.98 1,654 §.276E+83 1. S25E+04 2. 195E+04 4.956E+95 
79.45 2.15 8.6216+@3 1.49@6+04 2.728E+04 5.260E+05 
79.87 2.66 . 8.921883 1,4926+04 S,25998+24 §.5138+25 
79.82 3.17 .7,1@4E+@3 1.4746404 3.7786+04 5.8556+05 
12,09 - 2469 7 ZQ8E+23 | 444E+94 A S9thed4 Sis te+Os 
79.75 4.28 7. S19E+8S 1. 4246+04 4. 787E+a4 S.S36&+265 
|, daBE +06 | S.349E+05 
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42 
38 
28 
2B 
38 
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Program Name: 


Raw data stored on. fila: 


Data taken oy: 
Tube type: 


Fin spacing, width, height: 


Tube material: 
Thermal cenductivity: 
Inside diameter: 

Root diameter: 
Prassurea condition: 


Room Triat Qutist 
Temp Tamp Teme 
degl) (degt> 


on 


35 
46 
es 
St 
Se 
.§2 
16 
oS 
64 
.38 
37 
73 
79 
64 


29.38 13.57 
29.55 beats 
28.64 15.24 
29.85 Cosce 
20.64 i9.4@ 
20.57 19.49 
20.71 19.78 
20.78 ore 
28.72 Hee erat 
20.73 19.78 
26.75 13.69 
20,75 19.82 
29.76 28.85 
20.75 28.08 


SPD DD hOB PR Pa BI bo Pa Po Ra pa 
we PO BPI = © 10 





THCHECK 
RECTANGULAR FINNED TUBE 
1.59 1.02 @.38 (mm) 
STAINLESS-STEEL 

14.3 (W/m-K } 

13.88 (mm? 


14.25 (mm) 


ATMOSPHERIC 
qf 3 ~~ vv ‘ ~ - 
>team bage Aducer | 
Temo Press Fress Volts Cu 


(degli ? (KRa) (KPa? Cu} 


106. 


100.3 i81:2 9 385.9 
1@0.2 1@@.3 10@.1 385.1 
199.9 1@2.0 99.8 384.9 
1@@.2 108.7 108.9 385.2 
1@@.2 180.7 181.2 388.2 
100.1 $3.35 180.3 385.8 
99.9 99.5 100.8 384.9 
120.0 ag.$ @@.@ 385.1 
182.0 99.53 1@@.2 385.1 
120.2 99.1 188.8 385.2 
108.2 89.3 108.2 385.5 
102.2 q9.3 1@0.{ 385.2 
106.0 39.7 108.0 384.9 
1@@.1 92.4 100.6 384.7 
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Pregram Name: | DRPALL 

Raw data storsd on Tila: S4aAl 

Data taken by: INCHECK 

Tube tyne: . RECTANGULAR FINNES TUBE 

Fin seacing, width, height: 1.58 1.9@ @.48 (mm) 

Tube material: STAINLESS-STEEL 

Thermal conductivity: 4.35 ¢W/m~-k D 

inside diameter: 1S.71 ¢mm: 

Root diameter: 14.25 (mm) 
Pressure condition: ATMGSRHERIC 

Room Iniet Outiet Steam Sage Xducer. 

Temp Tamp Temp Teng Prass Press Volts Current 

» fdegd) (deg) (deoG) (degC) (KPa) (KPa) Cy) 

29.68 i8.@4 tSoe62 183.1 1a@.7 199.8 384.8 iets 
20.69 19.46 28.22 190.1 102.3 129.4 385.9 Cite 
28.68 18.82 29.31 188.9 16.2 198.9 385.1 Zaks 
29.76 18.82 21.16 o4.0 99.6 99.8 385.3 2373 
20.75 Loato° (ieee a5-4 = i= ai i198. 265.1 cage 
22.83 19.52 22.35 99.2 99.3 i@@.5 285.9 2,74 
26.82 19.42 23.79 99.9 99.5 t@6.5 385.1 2.74 
29.83 19.41 23.82 he 99.3 142.3 385.2 2.7%4 
2@.85 19.55 22.37 198.2 9a.4 1@@.5 385.2 Bato 
20.83 19.36 22.07 188.2 $9.6 108.6 385.1 2.73 
28.85 19,44 ZtatzZ 99.3 99.3 10@@.2 385.4 2.73 
22.82 (S.77 “2h. fe 182.23 99.4 1@@.5 384.9 20% 
70.86 19.82 21.57 190.1 89.6 180.5 384.9 2.73 
20.88 13.90 21.48 120.2 $9.3 183.2 384.5 Cae a 
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Prcoram Name: DRPALL 
Raw data stored on fila: R438 
Data taken by: TNCHECK - 
Tube type: RECTANGULAR FINNE 
Fin spacing, width, height {1.52 1.83 28.48 
Tube material: SIAINLESS=STEEL 
Thermal conductivity: 14.3 (W/m—-K > 
Inside diameter: 1S.i} (mm) 
Root diameter: 14.28 {mez} 
Prassure condition: ATMOSPHERIC 
System gower: 25.74 (KW: 
Steam velocity: -1.85 (m/s } 
This analysis includes end-fin effec 
HEATEX insert installed in tubs 
Enhancements based on comparison to incheck 
Wilson Plet reoression soefficiant = 8.4989 
.G1i- (based on Petukhov-fosov} = £.da2 
Alpna (based on Nusselt) = 1.308 
Enhancement (constant heat fiux? = }.499 
Enhancement (constant temp dropi = 1.344 
Gverall Outside insides 
Coolant Heat Xfer Heat Xfer teat Xfer 
_ NMelocity Coefficient Coefficient Cosfrielant 
LMTD Vas. Uo Ho] ot 
degC) (m/s) (W/m*2-K) 9 (is/m*2-K) (W/E BeK ) 
$1.2 4.4% 7.357E+03 1.425644 4.8398+94 
86.75 3.67 7. S84E+05 1  458E+@4 4. @89E+@4 
80.14 B18 F.175E+93 i.479E+O4 3.622E+04 
73.80. (2655 6.. SESE+GS 1}, 489E +24 3.13@E+94 
ig eee) 2.14 6B. 7OSE+935 |. S@SE+O4 2, B31E+04 
7&.65 1.63 Bs daZerOS +. S76E+04 2, 118E+94 
78.39 Veke 5. 8246493 1 BSSE+B4 i.552E+04 
78.26 1.12 S.8246+83 1.653E+04 1.SS3E+04 
78.74 1.62 6.562E7835 1. S57E+04 2.11E+84 
ta.eo e248 5. 759E+03 +. S36E+@4 2.635E6+84 
793.32 2.85 7.0Q86+05  1.5836+04 3.1498+04 
73.21 3,18 7.275E+O3 1.5148+24 3.5818 +04 
79,539 3.97 7.39QE+@3 1.4846+04 4.1515 +a4 
Fis po) = 1.18: ~ Pe4S5bees 1.405€+04 4. og55+84 
| } S22E+O4 
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Program Name: ORPAL 

Raw data stored on file: S48A2 

Data taken dy: INCHECK 

Tube type: RECTANGULAR FINNED TUBE 

Fin spacing, width, height: 1.68 1.80 @.46 (mm) 

Tube material: STAINLESS-STEEL 

Tharmal cenductivity: 14,3 ¢Wem-H } 

Inside diameter: i3.tt (mm) 

Root diameter: 14.265 (mm) 

Pressure condition: ATMOSPHERIC 

Room Inlet Qutiet Steam Sage Xducer 

Temp Temp Temp Tere . Press Press Volts Current 
C) (degt) (deel) (dagS) <(KFad (KPa? C43} 

20.76 18.35 19.98 180.1 108.4 180.5 385.8 2.74 

£0.78 18.77 29.49 182.2 102.1 138.6 385.2 ae ho 

2U.et 13.82 2}.@2 1@@.i 99.3 186.3 385.1 209 

29.78 13.94 ig ree | 39.5 98.5 99.7 385.1 aed fo 

20.72 tg.4] 21.386 108.2 99.4 168.5 385.1 2.t4 

20.7 19.33 22.16 1@@.] 99.5 120.5 384.9 2.74 

28.78 15.43 25-87 182.2 193.@ 10% .@ 334.9 2.74 

20.79 $9.51 23,94 10@.1 99.8 180.6 385.8 2.75 

2@.78 9.37 22.75 99.5 Q9.1 99.9 385.8 2.7 

20,78 19.35 22.88 160.2 $8.9 10@.1 384.9 2.75 

2@.79 19.42 21.74 180.1 99.4 {80.4 384.9 2.7 

29.87 t$.6 216) 99.9 98.7 99.7 595.3 2300 

28.83 19.36 21265 99.8 99.3 192.2 385.1 2ats 

2@.94 taeod 2} 93.3 124.1 285.1 2.15 


43° 99.3 
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Program Name DR ALL 
Raw data Share on file: S4GAzZ 
Data taken by: . TNGHE Cle 
Tuse type: RECTANGULAR FINNED TUBE 
Fin spacing, width, height: .1.5@ 1.80 @.48 (mm} 
Tube material: ~ . STAINLESS-STEEL 
thermal conductivity: ba.5 (W/mK? 
thee diameter? iS.it (mm) 
Root diameter: 14.26 (mm) 
Pressure condition: STMOSPHERIO 
System cower: 26.74 (KW) 
Steam velocity: 1.83 m/s} 
This analysis includes end-fin effaci 
HEATEX insert instelled in tube 
conancements based on comparison to Incheck smooth tubs data 
Wilson Plot regression coafficiant = @.999 
Ci (based on Pstukhov-Popov: 2.818 - 
Ripha (based on Nusselt) a 1.142 
Enhancement (constant heat flux) = 1,538 
Enhancement ticonstant temo dr = 1.28% 
Gverall Outside Tnsi ‘de 
Coolant Heat Xfar Haat xXfer aoe Xfer heat Sed 
Velocity Coefficient Coefficient efficient Flux Ts-Twail 
LMID Va | Ho. ~ 2 IG. os iy ee Qp our 
iggC} (m/s) CW smo 2K} CW/m*2~-K } (W/m 2-K ) (W/m*2 ) (degt) 
.94 4.18 7.5198+03 t. aBeE+O4 4-SQZE+@4 S.@79E+@S 48.86 
37 3,87 7.440E+0@3 1.549E+084 4,8526+94 S.973E+@5 39.35 
80.206 3.16 7.308E+93 {1.5458+04 Z.S876+04 S.S851E+@S 37.91 
739.7 2.85 7. O@76E+23 i, S496+24 4. Q97E+04 5..646E+8S 36.44. 
(9.568 oes 6 .827£+835 1. 5836+04 2. 5S98E+O4 S.427E+@5 34.23 
738.98 1.63 B.425E+@3°. 1.6145+64 2A. @B3E+94 5.@75E+@65 31.45 
54 Pore 5.87@0E+O3 1.714E+64 t.,S5SE+04 4.51@E+@5 26,93 
‘3.52 1.312 S.878E+@3 1, 7i8E+64 1. SZ8E+04 4.604E+@5 26.78 
78.89 1.63. G.474E+@3 1. G4SE+¢4 2 BSZEtO4 Sa tOZEtOS ai .@2 
79.24 2.14 6. 8O3E+83 1, S718+@4 -2,6@4E+04 S,3978+85 64.452 
79.51 «2.65 7.j44E+@3 1.876484 Z.5i2E+24 5.881E+05 35.00 
72.28 3.436 7.3358+@2 i SSQE+Os 3.811E+@4 5.816E+25 37.5} 
79.29 3.67 7 498E+O3 |.S36e+94 4. {B4E+94 5.9336705 338.57 
73.27 4,18 F.59@E+@3 1.918E+G4 A.S7SE+S4 E.BI7E+05 39.84 
| SSGE+B4 S Seo 7 eee25 55658 
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Program Neme: DRPALL 
Rew data stored on file: 5758! 
Bata taken by: INCHECY 
Tube type: RECTANGULAR FINNED TUBE 
Fin spacing, width, height: 1.58 1.98 9.75 imm) 
Tube material: - STAINLESS~STEEL, . 
Thermal conductivity: 14.3 (W/m-k >) 
Inside diameter: 15.18 (mm? 
Roat diameter: $4.25 (mm) 
Pressure sonditicn: ATMOSPHERIC 
Room iniet Cutlet Steam Gage Xducer 
Flow Temp Temp Temp Temp Press Press Volts Current 


(pot) (degC) (degC) ‘degl) (degt;: (KPa) (KPa) iY) 


P@ 22.19 2.71 feela 182.3 1a} .4 1@'.5 364.6 Z6to 
70 22.06 21.89 22.72 180.6 108.7 1@6.5 $35.0: 2475 
6 22.21 24459 25.20 128.3 1@1.@ Bl. | 384.8 2.76 
S@ 21.85 21.48 223.53 [88.9 190.7 188.8 385.2 2.76 
6@ 821.67 27.64 24.13 183.9 1@@.93 1@i.@ 384.6 2219 
3@ 21.68 . 21.75 24.82 10B.2 191.4 194.3 385.6 2.76 
*20. «29565. 21458 925.56 120.1 1@@.7? 1@@.8 384.8 &.7 
20 21.62 21.56 25.54 102.1 1@@.6 19@.6 385. | 2.76 
S@ 21.59 21.75 24.83 1@@.2 1O@.? 108.8 385.0 2.76 
4Q@ 21.64 21.69 24.19 1QQ.4 18.7 1@9.6 384.6 2.76 
S¢ 21.66 2iu72- 23.85 19@.2 103.7 190.9 385.% ra = 
S@ 21.53 2z2lsd2 22.76 188.2 128.7 1@2.7 385.1 2.74 
20, 2354 24998-  -23253 120.2 190.7 1@@.7 385.2 2.7 
8@ 21.55 22.05 23.52 192.4 121.6 i@1.6 385.9 2.75 
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Program Name: DRPALL 
Raw data stored on file: S75AI 
Data taken by: INCHECK 
Tube type: RECTANSULAR FINNED TUBE 
Fim spacing, width, heichte 1.52 1.28 @.75.(mm) 
Tubs material: STAINLESS-STEEL 
Thermal conductivity: 14,3 (W/m-K > 
Inside diameter: 13,49 (mm? 
root diameter: 14.25 (mm) 
Pressure condition: ATMOSPHERIC 
System ocwer: 25.73 (XW) 
Steam velocity: 1.83 (m/s?) 
This analysis includes end-fin effect 
HEATEX insert installed in tube . - 
Enhancements based on comparison to Incheck smooth tube data 
Wilsen Plot regression coefficient = %@.999 
Ci {based on Petukhoy-Ragov) = 2.605 
Alona (based on Nusselt) - = 1,933 
Enhancement (constant heat flux) = 1.246 
Enhancement (constant tame dees? = 1.249 
Overall Gurtside Inside | 
Coolant Heat Xfer Heat X#er Heat Xfer Heat 
Velocity Coeffieiant Gasffioient Coefficient Flux 
LMT Vw Uo Ho. Hi Ga 
(degC) (m/s> (W/m*2-K} CWém*2eK) 9 (a/m*2-K} (W/m* 2 3 
78.87 4.19 7.Q47E+@3 1,339E+@4 4.275E+84  S.5S8E+05 
78.808 3.88 S8.9916+63 -1.36898+04 3.8476&+04 5S,45SE+a5 
Cress 3.18 6.861E6+03 1.387E+04 3.ARAE+O4 S.35'E+05 
77.55 2.65 &,7B1E+83 i,41GE+24 2.3415 + 64 S.195€+25 
77.89 2.34  §.394E+@3 1.4138+@4 2.4696+04 4,929F+a5 
76.94 1.63 §.@€5E+83 1.462E+04 }.975&+04 4,6665E735 
78.47 Pere 5 .543E+@3 1.554E+04 1.4526+24 4.2359E4+05 
75 .5@ 7.42 5 .S34E+634 1, 545E6+@04 1,451&6+@4 4.234E4@S 
75.92 1.63 6.@51c+a3 1.453E+¢4 1, 375E+84 4.§54E+85 
(7,28 aro l4 6. S57E+83 f at4E+04 2. 47GE4+G4 4,9396+8S 
77.44 2.55 6. 7A@5E+23 i.41S5E+24 2.95fE+O4 5S. 191&+05 
feoo 5.16 &.981£+¢3 1 S99F+04 S3.424E+84 6. SS8Et 8S 
77.59 3.58  7.024E+03 1.377E+@4 3.8846+04 S$. 4386425 
77,595 4.19 7. 1S9E+03 1  s66E+Od 4,358E+04 5.549E+95 
| 4225+94 &.6525+@5 
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Program Name: DRPACL 

Raw data stored on file: S75Az 

Data takan Sy: TINCHECK 

Tube type? RECTANGULAR FINNED TUBE 

Fin spacing, width, height: 1.50 {.9@ @.75 (mm) 

Tube material: ) STAINLESS-STEEL 

Tnermal conductivity: | 14.5 (W/m-k ) 

Inside diameter: | 13.1@ (mm) 

Root diameter: 14.25 (mm; 

Prassure condition: ATMOSPHER IU 

Room inieat Outlet Steam Gaga Xducer 
Flow Temp Temp Tamp Temp Press Press Volts 
(nat) (degC) deg} ‘4aeqt) ‘degli? (KPa) (KPa) (Y} 


Mw UT gi PT & 


88 26.33 18.77 2@.29 108.1 181.4 180.4 38 
70 «20.33 «19.30 28.98 129.90 122.@ (81.0 58 
60 20.88 19.73 21.62 {88.0 101.2 108.3 38 
S@ 22.42 24.03 22.20 99.9 140.3 10@.2 38 
42 29.26 2@.27 22.82 93.6 99.6 99.8 38 
3@0 20.44 8 =624.63 = 23.77 99.6 99.8 102.0 38 
26 20.58 28.48 24.62 99.9 104.3 100.6 38 
2Q@ 20.47 28.49 24.54 95.6 102.2 186.6 32 
3@ 0-20.44 20.82 23.96 184.@ 100.8 01.) Ges 
49 20.24 22,88 23.44 99.8 121.0 [01.3 384 
SQ 22.41 20.94 25.18 99.7 108.7 t@1.0 385 
62 2@.30 20.98 22.98 99.7 108.7 101.1 384 
7@ «20.29 «8621.38 22.35 95.8 10@.7° 188.6 384 
89 20.2 21.53 -43.01 99.8 a9.2 99.6 385 
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ORPSLL 


$142A5 
TNUHESE 
RECTANGULAR FINNED TUBE 
}.53 1.98 %.42 (mm) 
STAINLESS-STEEL 
14.4 ¢el/m-K?} 2 
13.38 (mm } 
14.28 (mm? 
ATMOSPHERIC 
25070 68) 
1.445 (m/s) 
rm affect ° 
be 
ison ta Incheck smooth tube data 











Wilson Flot reagressien gosfFicient = 1.000 

bi (based on Petuk havePopov } - = 2,433 

Aiohe tbased on Nuss elt? = 0,861 

Enrihancement (constant heat flux) = 1.@55 

Enhancement (constant temp drop) = 1.841 

Overall -. Qutside Inside 
Coolant Haat Xfer Heat Xfer Heat Xfer Haat 
Velocity Coefficient Coefficient Cosfficient F bux Ts-Twall 
Data iLMTo Vas Uo a Ho a ae ap Tx? 
# (degC? (m/s) (Wém*2-Ky (W/m 2-K} Wimce-K >) (W/m? 2 3 (degl > 

i $1.98 4.19 6.1246+83 1. Q38n+64 S.869E+@4 S.828E+05 46.22 
2 81.26 3.88  6.@545+93 {i.0998+@4 S.471E+24 4.91S9E+@5 44.75 
3 St.17 3.18 S.9:4E+93 1.191E+@4 8 3.870E+04 A,S@ZE+S5 45,59 
4 86.75 2.65 §.792E+83 i.¢25E+@4 2.651E+84 4,.877E+G@5 41.54 
S 86.36 2.14 §.581&+83 1. t41E +64 Z2.228E+84 4.485E+05 39.29 
5 73.89 1.83 5.29@E+05 1.178E+84 1. 783E+O4 4.226E4+805 36.i2 
< ttaeo5 1.42 4, 8435+835 | 237E+04 jectOEtG4. -S.85SE205. 31.29 
8B 73.41 f.tZ2 4. 880E+¢3 1. 242E+04 }.318E+84 3.8S9E+@5 31.96 
BS f3.62 -o0O  S2298E+05 1. 189G+@4 t.7384E+94 4.211E+@5 36.32 
'G@ 8@.@1 2ab4. “StS 71E485 [.{S588+@4 Z2.24964+04 4.457E+@5 39.25 
ti 80.50 2.65 §.8@4E+83 {.1298+64 Z.665E+@4 4.872E+@5 1.42 
1206 S@.1200 -3.3S)0=0.SS7E+OS 06. 17REFO4 4 «=0- S.OSSE+R4 «860A. PPSE+@S «= 42. 88 
{5S 86.28 3.88 §&.946E+@3 1.@956+04 2,.5@8E+24 4.8546+8@5 44.4) 
6 88.2350 4.19 BS.1BSEtOS 1. OSREtA4 = S.EHTE+O@4 4.945805 6 45.27 
AWG 1,1 386404 4,.S554E+@5 49.22 
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Prograte Namet DRPALL 

Raw data stored on file: 514244 

Data taken By? INCHEOK 

Tube type: RECTANGULAR FINNED TUBE 

Fin spacing, width, height: 1.50 {§.@@ !.42 (mm) 

Tube material: STAINLESS-STEEL 

Thermal sonductivity: 14.3 (Wem-K) . 

Inside diameter: 13.t@ (mm 

Root diameter: 14.28 (mm) 

Prassure condition: PTMOSPHERIC 

Room (Inlet Outlet ‘Ssieam Gage Xducer 

Flow Temp temp Temp | Temp Press Press Volts Current 
{oct}? (degC) (deg?) ‘deg (degl) (#P ai (KPa) CY) 
8@ 28.82 17.1 19.465 100.2 1@a.7 190.4 385.3 Ze(8 
7Q 29.03 {7,4] ?3.3@ 128.2 102.7 19%.2 $24.9 2.7 
62 20.04 17.87 19.36 19@.3 {@0.7 190.4 385.1 2.76 
5Q@ 2@.97 17.66 19.61 12@. | 182.3 18@.4 384.9 2.75 
40 20.@9 317.85 28.15 99.2 188.2 99.6 385.1 2.76 
39 28.08 - 18,82 223.37 192.3 1Oi.4 101.3 384.9 2.765 
2a 2@.tt 18.22 21.98 1928.2 198.7? {Ot.% 385.3 2.75 
20 820.53 18.26 21.36 198.2 1Q0.7 12t.Z 385.@ .2.76 
3@ 20.14 18.22 21.95 120.1 1G. ! {@@.7 385.1 rae | = 
42 20.14 18.220 20.510 18G.10 18O.3 180.9 385.8 2.76. 
co 20.16 4618.34 «20.25 0 «10@.0 0 95,8 8608.4 385.0 2.78 
62 28.1? 18.39 28.86 18®.1 108,28 140.4 385.1 2646 
70 28.20 18.78 20.16 100.8 188.8 {8@.S 385.9 2218 
3 1@@.7 os Bee 385.8 24°65 


90 20.2@ 18.76 20.@8 168. 
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APPENDIX E. UNCERTAINTY ANALYSIS 
A. INTRODUCTION 


The uncertainty in an experimental result can come from 
systematic errors, random errors, or a combination of both. 
Systematic errors are those errors that cause a measurement to 
be off by a fixed amount or percentage. some causes are 
faulty or imprecise instrument calibration or limited system 
resolution. Random errors are errors whose magnitude and 
direction vary without pattern. Causes include fluctuating 
experimental conditions or insufficient instrument 
sensitivity. [Ref. 61] 

When a calculated result is a function of several 
different measured variables, each having its own uncertainty, 
the uncertainty in the final result is a function of each of 
the component uncertainties. Finding the resultant 
uncertainty from the uncertainty of independent components is 
called propagation of uncertainty. Kline and McClintock [Ref. 
62] formulated a method for determining uncertainty 
propagation if the component uncertainties are independent, 
relatively small, and have the same chance of occurrence. 
Assuming that uncertainties behave like standard deviations, 
they postulated that the total uncertainty (u,) of a quantity 
y is related to the individual uncertainties (u;) by 


(E.1) 





For example, suppose 


y = Ax[x,+Bx,. (E.2) 


Then using equation (E.1), the overall uncertainty is 


Uy =  (2Ax,x,u,)?+ (Ax{u,) “+ (Bu,)*. (E.3) 
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At NPS, Mitrou [Ref. 30] wrote a computer program to 
calculate the experimental uncertainties in the heat transfer 
coefficients using this method for specific data points. His 
program was expanded in this work to find the uncertainties in 
the heat transfer coefficients for a complete data set and for 
the final quantity of interest, the enhancement. 


B. UNCERTAINTIES IN THE MEASURED VARIABLES 


To begin the uncertainty analysis, the uncertainties of 
the measured components are required. The measured 
uncertainties in the dimensions of the tubes (root/inside 
diameters and end/condensing lengths) were observed to be very 
small and hence are neglected. The uncertainty in the 
rotameter reading (u,,) is taken as 40.5 percent due to 
calibration uncertainty and rotameter fluctuation. The 
uncertainty in thermal conductivity for stainless steel (u,,) 
is estimated from the curve fit in Thermophysical Properties 
of Matter [Ref. 63] as 41 W/m-K. The uncertainties in the 
coolant inlet (u,;,) and outlet (up,,,) temperatures as 
measured by the quartz thermometers are a function of 
calibration and precision uncertainties. The total is 
estimated as +0.05°C [Refs. 61, 64]. Lastly, the uncertainty 
in the steam thermocouple measurement (Up.,,) is estimated as 
the sum of a +0.1°C calibration error [Ref. 61] and a 
precision error of +0.1°C for vacuum runs and +0.3°C for 
atmospheric runs. This precision error was introduced after 
noting that the two vapor-space thermocouple readings differed 
by up to these amounts during experimentation. The 
thermocouples share the same thermal well but contact slightly 
different portions of the well wall. The difference in their 
readings increases at higher temperatures where the thermal 
well temperature gradient is steeper. The total u,.,, is then 
+0.2 and +0.4°C for vacuum and atmospheric conditions 
respectively. Finally, because all the thermophysical 
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properties in the analysis are represented as polynomial 
expansions of temperature, their uncertainties are simply 
their first derivatives with respect to temperature multiplied 


by the uncertainty in temperature. 
Cc. UNCERTAINTY ANALYSIS 


The HP-BASIC program UNCERT is coded by combining the 
data reduction portion of program DRPALL with the Kline and 
McClintock [Ref. 62] uncertainty analysis procedure. An 
uncertainty is calculated for each equation in DRPALL to yield 
individual uncertainties for the coolant mass flow (m) and 
velocity (v,), inside heat transfer correlation (Q), log-mean- 
temperature-difference (LMTD), heat flux (q"), and overall 
heat transfer coefficient (U,) for each data point. 

Because the inside and outside heat transfer correlation 
leading coefficients (C; and C,) are not calculated from 
explicit equations but rather are determined from a least- 
squares line fit in the modified Wilson procedure, their 
uncertainties are calculated by a different method [Ref. 65, 
p. 498]. It is assumed that the Wilson X-Y data points are 
normally and independently distributed. A100(1-a) confidence 
(or uncertainty) interval with n-2 degrees of freedom on the 


slope (m) for simple linear regression is 
ft 6" fh ts (E.4) 
— Cy bp n-2 Ss . sms ee o° ba 
XX P.o.4 


Similarly, a 100(1-q@) uncertainty interval on the intercept 
(b) is 


For equations (E.4) and (E.5), the unbiased estimator of the 
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variance (6°) is 


fi Zi Pe: 
n xd y,->d (X5Y;) 
\> yi -ny* + x=1 x=1 x=1 (E.6) 
G2 = x=1 q , 
n-2 
S.2. 18 F 
¢) 
n _ n *; (E.7) 
Sie = YS (x, -x)? = YS xi - x ; 
x=1 x=1 a 


the mean (x) is 


x=) x,, (E.8) 
X=1 
the mean (y) is 
n 
x=1 


and ty/p 5-2 1s found from the statistical t-distribution. C; 
and C, are the reciprocals of mand b. Following Kline and 
McClintock [Ref. 62], the uncertainties in C; (ug;) and in C, 


(Uc) are 
u 
Up, = ee, (E.10) 
m 
and - 
Uc, = ass aa (E.11) 


The uncertainty in enhancement (u,,7) is then calculated by 
applying Kline and McClintock [Ref. 62] to equation (4.47) to 
yield 





2 a 
= + Uo. smooth 
Co, finned Co, smooth 
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For a 95 percent confidence interval and 14 data points (n), 
a/2 = 0.025, n-2 = 12 degrees of freedom, and t = 2.179. In 
equation (E.12), Ugo smooth Was determined by merging two 
smooth tube data runs for each pressure condition and using 
the uncertainty analysis on these merged 28 point files. 

Once the uncertainties in C; and C, are found, the 
uncertainties in h,; and h, are determined by applying Kline 
and McClintock’s [Ref. 62] method to equations (4.18) and 
(4.19). The UNCERT program code and uncertainty analysis for 
each accepted experimental trial follow. 


D. LIMITATIONS 


It is important to note that u,; and ug, are determined 
solely on the basis of the goodness-of-fit of the modified 
Wilson plot to the data points. For instance, if the X-Y data 
points lie exactly on the least-squares line, then the @¢@ 
expression in equations (E.4) and (E.5) will be equal to zero, 
and the uncertainty interval will be zero. This means that if 
the uncertainty of the data points is large, yet the curve fit 
is close, Up; and ug will be small and consequently the 
uncertainties in h;, h,, and enhancement will be smaller than 
intuitively indicated. This analysis typically yields 
uncertainties in the overall heat transfer coefficient 
approaching 20 percent yet the uncertainties in C; and C, are 
typically only a few percent. In view of this, the analysis 
provides a conservative estimate of the uncertainties in h,, 


h and enhancement. 


o! 

Another method of uncertainty analysis is also possible. 
The modified Wilson plot of the 0.48 mm fin height vacuum 
experimental trials is shown as line A in Figure E.1. The 
calculated value of C, for these runs was 0.96 with an 
uncertainty of 3 percent as determined by the previous method. 
The calculated values of the uncertainty in the overall heat 


transfer coefficient for these trials was between 8 and 22 
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X 


Figure E.1 Range of Uncertainty in Intercept for a 
Modified Wilson Plot of a Stainless Steel 
Integral Fin Tube with Fin Height 0.48 mm 
Under Vacuum Conditions 
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percent. The Kline and McClintock [Ref. 62] method was 
explicitly applied to equation (4.22) to give an uncertainty 
in Y as a function of the uncertainty in U,. The limits of 
uncertainty in Y are shown as lines B and C. Therefore, given 
a value of X, any value of Y that lies between lines B and C 
fits the data uncertainty. If there are proportional bias 
errors in the data collection, there is no reason to believe 
that the uncertainty for each data point is the same, so the 
data points could just as reasonably fit lines D or E. Using 
the inverse of the intercepts (C,) of lines B and C as the 
extreme values, 0.72 < C, < 1.32. This yields an uncertainty 
in C, of -25 to +37 percent. Since the uncertainty in the 
outside heat transfer coefficient is a function of C,, it 
would have a similar range. This method yields uncertainties 
so large, that the data is virtually useless. Obviously, 


another approach is needed. 
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This program uses the Modified Wilson ple: of program ORPALL and the 
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Ricticnary of variables 
A - Cross-sectional area of tube (m"2>. 
Alo - Nusselt leading coefficient. 
Alpe ~ Iteratively determined Alp, Compared to Alp to test for 
convergence. ? pr Me, 
em ~ Nusselt leading coefficient for a smoath tube. 
~ Tube inside x-sectional area loss due to heatex insert (m*2). 
~ n array for storing Ti, T2; Md, ee and OMESA and | 
ir uncertainties during Wilsen aneiveds Beet | 
r ~- Absolute error between Ci and Cic. free to,4est convergence. 
Leading coefficient in inside heat transfer eorrelation. 
ic - Iteratively determined Cii - Compared to Ci:to test for convergence. 
cu ~ Specific heat of cooling water (gf#kQ7 mK 
f - Specific heat of condensing film CE/kg-H >. 
~ Constants in the function FNHfg. " 
- Constants in the function FNMuu. 
~ Constants in the function FNRhow. 
- Constants in the function FNKw. 
onstants in the function FNCow. 
~ Constants in the functian FNUrho. 
- Constants in the function FNUcp, 
Constants in tne function FNUE. 
Constants in the funetion FNUmu. 
@-~- Constants in the funetion FNUpr. 
~ Constants in a funation FNUMFQ. 
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Dad - Cummy variable. 
Di - Inside diameter of tube (m3. 
Droct ~ Root diameter of finned-tube or &G, D. of smooth tube (m). 
U_ files ~ Read/ur ce: data sito onagattrle , 
Eq - Enhancement ratio for constant heat flux scross the condensate film 
for a finned tube vs smooth tube. 7 : 
Et - Enhancement ratio for constant temperature vo across the condensate 
film for a finned tube vs smooth tube, ) 
Fel ~ Axial fin efficiency fer tube iniet length, 
Fez - Axial fin efficiency for tubs outlet lenath, 
Fm ~ Cooling water flow measured by rotametar (act). 
migf - Latent heat of condensation for eh oe water evaluated at film 
temperature plus the effects af ee aaveaction (JI/kg?. 
Hi- Inside heat transfer ccetficiant (ikb/m eel 
Ho - Qutside heat transfer coefficient er mak), 
I~ Leop counter and array subscrint. a | 
Ifa ~ Tube. ssometry flag. ys : 
Imc - Tube material flag. a wee 
Ipe - Exp eriment pressure flac. 
J’- Locp counter and array subscript. Z 
Kew ~ Thermal conductivity of cooling watem (W/M-K}. 
Kt ~ Thermal conductivity of film tWéaekd.: .. - 
Km ~ Thermal conductivity of tube meatal ee 
it Tube condensing length (m3. | : 
Lmtd - Log maan temperature diffweranca ‘degk 
Ly .- Tuba inlet end length (mm). 
ee Tube outlet and length (m>. | 
M-~ jhe "“m" component of fin efficiency (}/m). 
Md - Cooling water mass flow rate (kg/s), 
Mucw - Viscosity of cooling water (kG/m- Ss). 
Muf - Viscosity of film (ko/m-s). oe. 
rer on horizontal smooth tube 


New - Nusselt function for outside neat transfer 


Neun - Number of data runs. 

ee = >-iAnverc aan of the modified Wilson plot line. 

Omega ~ Petuknov’s Nusselt number For. ingide neat: transfer. 

p Tube | inside perimeter (m).-« — 

Fok! - Constant Ktoin Petukhoy’s pei om. 

Ppk2 -. Constant K2 in Petukhov’s relation, 

rol - Numerator in. Petukhov’s relatien MuszF( Re Pr), 

Po2 - Denominator in Petukhov’s-relation-Nu=fiRa,Pr}. 

Prew ~ Prandti Number ef cooling water. 

Fy eile - Partial derivatives of various equations usad in 
atarmination. : oy 

QO - Prnseb pecaneah rate to-coslant «Ww. 

Qp'~ Heat flux to coolant ¢i/m?2-s). 

Rei - Reynolds Number of cealing water ‘through aicircular pipe. 

Rnef:- Density of film ¢hg/ém*d?. 


247 


uncertainty 


“IE 


INQ HGHVoeo a & 


ie 


= oS So 


— © 10 O39 


a a ee os 


—~JoO Ut fd fot Pa 


Qe Vo Oo 2 & 


omar 


—™ 8&2 10 


awh ow 


et at OT eel 
ee ed 


re ee ee TY week 
fF OF GE GE Gt Gl GI) Gl GI OF Of Ma ho Po bl Pa Pe 6 


re en 


Svs soos aseqs@seeec*CGossds 


-—~ © wm eI Qanirp aon- OO wo malawi > oO 


+ oa ee ee a ee er | sete 


Rhocw - Dansity of ccocling water &rg/m"S?. 

Rm: - Wali thermal resistance (Kew. 

Siomahateé ~ Sse/(Nrun-2), 

Slope - Slone of the modifigd Wilson plot I 

Sse - Svy-SlopetSxy., : 

Sums - Sum of X. 

Sumxy ~ Sum af. A*y¥, 

Sumx2 ~ Sum of XZ, 

Sumy ~- Sum af ¥. 

Sumy2 - Sum’of Y¥*2. 

Sx - SumxZ~-Sumx*Z/Neun 

Sxy ~ Sumey-Se aes irun. 

Syy - SumyZ-Nrun*tTbar’ | 

Tau - oa for a two-sided $5% confidences 

Tavg - Average. cooling water temperature (dege?. 

Toor - Temperature rise of coolant due to viscous h 
ee (det). | 

Temp Tamnorary variable. 

Titi. = Fenner ture of film (degl?. 

Trise - Delta T of taolant after subte 


Temperature. of 


Tsteam - steam in condenser idegv?. 
Two - Tube outside wall temperatures {degt?. 

Twoo - Itératively obtained wall temp. Compared t 
Txf - Temperature drop across the condensate Fils 
Ti - Coolant inlet temperature as measured by qtz 
T2 ~ Coolant outlet temperature as measured Dy qiz 
Yalo - Uncertainty in Alip.- 

Ualnsm - Uncertainty in Alpsm. 

Noi - Uncertainty in Ci. 

leo > cap cenlty in coolant specific heat. 

Yeq - Uncertainty in Ea. 

Vet - ccs ae in Eb 

Ufal Uncertainty in.Fel. 

fez - Uncertainty in Fee. 

Ufm - Uncertainty in flowmeter reading. 

Unfg - Uncertainty in latent heat of Sayer aera 
Uhi - Uncertainty: in Ht. 27 * a 
Uho - Uncertainty in He, et 

Ukm - Uncertainty in tube thermal conduetivity. 
Ukw - Uncertainty in costeat. thermal eandugtivis rae 
Ulmtd - Uncertainty in LMTD. 

lim ~ Uncertainty in M. ae 

Umd ~ Uncertainty in coolant MAES oe 

Uru Uncertainty in. coglant: vise OSity, 


Untercent Uncertainty in-Ntercep:. 
Overall. heat transfer coefficient (Ks WW). 
Uomega ~ Uncertainty in Omega. 
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Uno2 ~ Uncertainty in Pp2. 

Jpe - Uncertainty in eas Prandtl number. 
im Gay 
etainty in quarts 
Ure - sine aetainty in Reyneres numer. 
Urho - Uncertainty in coolant dansity, 
a ~ Uncartainty in 
cartainty in slope, 


thermometer reacings. 


ge 


ainty in |i 
‘~ Yincartainty in Tue. 
~ Uncertainty in. Txf,- 
Uuo - Uncertainty is. oe: 
Uvew - Uncertainty in- coplant wate 
~ Uncertainty in as eae 

- Cooling water average velocity 
* vere aad votune rns: Flow 


r velocity. 


(m/s) 
a ee 73), 
=f{(X). Used 
feast squares mabhod:. 

Xbar ~- Ari eee mean of ¥. . 
Xi - Greek “Xi” in Petukhow'g equation NusftRe,Pr?. 
¥ - Dependent ete in funotion Y=TCa?. 
least squares method. sO 
Yoar ~ Arithmetic mean of 1% 
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/Urho/ CBs) 
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fUpr/ Ciara: 
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ry and thermal conductivity. 
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OO files 
234@ ENTER: @File;ifg,Ime ,Ipc 


HE NUMBE 
{4E-5 


tube 


_ 
a a 


eT. 
1 
ee a 
Imc=@ THEN Kin=S59@.3 5 


e;Odd Odd ,Ddd 


rs 
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A -4,.845% 
"ENTER 


READ Citi ay 
nitialize 


{ 
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we 


F Imce=2 THEN 


READ Ci@¢ 4} 


224@ DA 
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PRINTER 
ENPUT 


BEEP 
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LE 
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V3 
2 Areacorr=9 


52 
te 
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23 
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2330 
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ave 3 | nom on on oun uw 
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hi ha Non ha PR bo op TM Pe PD of OD 


42 F=PT*Di 
53 A={Droot*2-Di*? #Pi/4. 2 
265@ PRINT. USING “IX ,""Uncertainty analysis dane om file: *e Y@A% 3D 
Lag - | | 
2579 PRINT 
268 PRINT. USING “1X "“Uncertainty in coolant temperatures: SO OS 
degOd"""sUqtz | 
2692 PRINT USING “1X ,"“Uncartainty in stsam Lemperayure: Oo ep ee 
deg )’""3Utstm | a 7 | 
2790 PRINT USING "1X,"“"Uncartainty in tuba tharmal qanductivity: date ar) © Paes 
i ah a ‘SO CO 
271@ PRINT USING "1X,""Uncertainty in-flewmatar reading: mee ore) Sa 
pet Flows" mu R i? Eas 
cree PRINT .. 
2739 | ; 3 : 
2740 | Read file and compute necessary values for Wilson iteration. Store 
2758 | these values in Array for iterative processing. 
275@ FOR J=@ TO Nrun-3 
2770 4 . 7 - .s 
2738@ ' Calculate the sreperties of the caoling water at its avg tamoerature. 
2790 | Sased:on these properties, calculate Omega by FPetukhov theory. 
27200 | Calculate ee sad og ieeag de of the fluid properties and the variables. 
2319 ENTER @File Tt 12 ,Tstaan Odd ,Gdd ,Odd Odd Odd 
2829 Ma=( "G7E3+E mt] 34272 #ENRAOu TIAL EH 
293) Urhoti=FNUrho( Tt Uqtz? : - 
2e4a Ptetirhott*(Em+t.964 Sy 
2359 P2=UimeFNRRows TT) 
2E68 Umd=§.76SE-S4(Pi°2+Pe°2 5% .5 
2879 } - : | 
2988 Tavg=(T!+T23/2.8 





END 
Jotz=.a5 

Wikm=t.2 

ee 


Pre “LO8(Droot/Di 1/(2.OxPIeL*Km} 
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Prow= ENPRut 


24 


Utavg=Ugtz*( 2.837 .5/2.4 


i: 


Cocw=FNCow( Tavg } 


* 


_Usr=FNUco( Tavg ,Utava? 


Pics PNR wi TAY vg? 


» Upno=FNUrho! Tavg ,Utavg) 


' ¢*., % | m 
tava) 


Mus w=FNMuwl Taye } 
Umu=FPNUmul Tavg.,Utava } 
; 

Tavg}. 
Uor=FNUor! Tavg Utava) 


=Md/Rhocw . Sy te 4 - 

fae A, OsUf/(PI*Di*2-Argacorr 
P2=Umd/Md ee . 
P4=Urho/Rhocm , on 
Uvow=Vaw# (P3*2+P4%2 5 | 

3 

Polen hecurUcienu/ Mace teey 8 
~—PS=Uvew/ Vow . 

P5=Umu/Mucw° - ' 
Ure=Reis(Pa°2+Pa*c+P6"2 )",5 

a 
Xi=C?. S2#LGTi Rei )-1,843°(-2) os 


Uixi=t.58"Xi~!.Getre/Rei 


Pokt=i w+3.4#Xi 


Uppk tsa. 44Ux« i 


PokZ=11.7+1.8*Prow*(-1.@/3.9) 


Ren ene eee 


, . 
Pot=(xi/s. Qi#ReisPrew - 
PP=Uxnr/Xi 

P8=Yor/Prew 

PG=Ure/Rei : 
Rep en are ee Ga ere oe 


’ 
4 


Popes Ppk L+Ppk2 #(Xi/8. @)° Ge Frow” .S667-1.8) 


Pt OQsUeckt /(Po2-Ppk] 3 
Pil=Uppk2/Ppk2 


Pi2=(2.*#Prow’(-.3535 beUpr b/1 3. ei Prew’t . GBBT on] 
Uppza(Pp2-Ppokto*( Pid" gaP PL AtP isc Zee P7/2, e°2)% 
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fe 
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mo oo 0G 
& GON —- &Y w oa 





Omega=Pni/Po2 
PI3=Usot/Pal 


Pi d=UppZ/Pp2 


Vomega=Omegas(Fia*Z2+P 14°20" ,5 
, ae saint 
) | 
i Calculate the log-meen-temp=differance after correcting for the 
| frictional effects of heating. Than calculate the heat flux and 
! overall heat. transfer coeffigiant amd their uncertainties. 
Teor=FNT fric(Vcw } | 
Ytcor=(2.*2 ABS 9874E-SeVcwrb . B46 765 5E-4 )eUvew 
ki Ge . Gitte ks ooh eR 
Trise=T2-Ti-Tcoor | 
Utrise=(2.@*eUgrz*Z+Utcor’Z }°.S 
I | oo - ey se, , 
Lmtd=Triss/LoS¢ (Tsteamotl fi Tateam-Tdticar ) i 7 
-Pth=Utrise/Lmatd. a i | 
PLB=(Ti-T2+TocoryeUtsims( ( TateamelTt jel Tataam-Tettcor)) 
PiF=Ugtz/(Tsteam-Ti) | | i 
PiS=Uqte/(Tsteam-T2+Tear } 
Pig=Utcor/(Tsteam-T2tTcapr } 
Ubmtd=Latde2/Trisex( Pio 2eR 16 2tP 1 22 2eR 19S 24P 19°27 97.5 


EP Hx ey 23 
Q=MdeCocwetrises 
On=O/(P feDroote*t ) 
P2@=i}trise/Trise 
.P2b=Ucp/Cosw | 
‘Vop=Gps(P2a*2+PS°2+P21°25°.8 : 
ne Mee 
Uo=Qe/Lmtd: is 
 Pac=Uge sup: 
“P23=ULmid/Lmatd 
Yuottioe(P22°2+P 23%? )* 5 
a | 
os _ 
| Store the necessary values for Wilson iterasion. 
Array(d,@isTsteam: | a 
array( dt o=Kew 
Array{ 3 .29=Qp 
frray(d 3}=Uo 
4rray(J..4)=Omeca 
Array¢] 5 }=Uomeaa 
Array(d .8)=Ukw 
Arrayi Jd 7 =Uuo 
Array(J 33=vqp 5. 
MEX? te “* a8. * 5 
ASSIGN. @File TO + - 
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ZE5a 1 

33682 i Iterate. for Ci and Alp untit they canverge within 2.95% 
5872 BEER - | | ; 
3889 Sumx=. 

5850 Sumy=@ 

59908 Sumxd=, 

23} g ouUMty se @. 

3928 Sumxy=e. 

393@ FOR J=@ TO Nrun-! 

3348 Tateam=Array(d ,8) 

3950 Kow=Array(d 1} 

596¢2 Go=Array( ds .2) 

3270 “HosArray(d 3) 

3580 Omega=Array fe AD. 

3359 : 

4982 Solve for Two by iteration and than find Hi. 

4G1B _. Two=Tsteam-5.2 get Tate ak 

4929 Thiim=(Tsisamt geTwo)/3 BQ. 

4032 ahof=FNRhow{ Tf iim) YB ee eee 

AG4Q Kf=PNKul TPidm) 

4952 MufsFNMuw( TPilm > - : | 

4G59 Hfgf=FNHFa(Tfitmot+. soins a it aca ae 

4870 New=(Ki°S#9. eahiarsenot 2/(Nuf¥Draats( Tsteam-Two)))*. 
405 Ho=Alo+New 7 a : 

483@ Twoo= =Tstsam- Qn /Ho : 

4190 ie ABE (Twoor Tw I/Tuad 2 081 THEN 

4419 Two=Twoo , . 4 

4i2 GOTO 482¢ 

4432 END IF 

414G Hi #Kew/Di Ci*Omega 

415@ .. M=(HixP/i Km) >* 

4168 Fel=FNTanh(M*li o/(M#L 1 2 

4478. Fe2= ENTanh( M*L2 )/(M#L2 } 

4ig@ i , : 

4199! boasts the Wd tsen: data paints for Linear regression. 
420¢ —X=Droot*New*l/{ Omegaskc wetLeiieret *L2shed )) 

421e Ys sNew*(1.0/Uo-Rm*P i aBrant +L): 

42228 . Suumn=Sumx +X: 

A230 Sumy=Sumyhy | 

4246 Sum“ Z=Sume2 &i *% 

4252 Sumy2=Sumy2aryey¥ - 

4252 SuMmx y= Rei ae 

427@ NEXT 4 

4232 |! a es 

479@ | Compute the slope and intercept a the Modified Wilson 
4390 ! recisrocals to Sonpuve Aine and Cic. fompare-with the 
435312 $ Alp and Ci. If cut af tolerance, pee their values 
A320 | analysis witn ins Day ocd oaee . 
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AASB OK 

4349 Sx 
4256 Xba 
om. ae 
Aare -SIik 
Asea Nt 
4390 Ci 
4490 4} 
44;@ Ce 
44?@ fe 


4840 Ua 


4520 PR 





=Sums2-Sumk “2 /Nreun- Shake 
=Sumxy- Sums * Sumy / Neon 
Seta 


< x 


Bae) 
erceot=Ybar-Slope*xbar 
c=1.9/Sloce 
ec=1,.@/Nvercept. 
rpr=ABS((Cic-Ci j/Cic? 
rr=ABS((Alpe- Aipd/Alpac) 
=(CitGieiye.2. = 
nelAlptAlpe 3/2.0 
Cerr> 9205-GR Aerr>.8@8S THEN GOTO S872 


Once final values of CL and fle are feunc, compute the regression 
: yee ’ ' 
Ficiant of the Modified: ‘Wilson sidt. ‘Find the enhancements 
tant heat flux and ganstant temperature drep across tne fim 


| cons 
oi termine the-uncarta inty Bands about Alp, Ci, and the en hancements 


” 


sed on a 9524 confidence interval and Nrun-2 degrees of freedom. 
int- reasulis. : . se ere 

y=Sumy2-NruntYbar*2 
e=Syy-SlopetSxy. - ‘ 

mahat2= Ssa/iNrun-2.@? 


4560 Tau 2.179 |! For a 95% confidence interva with 12 dee freedom. 
4576 IF Nrune=28 THEN Tau=2.@56 | 
45280 Uslopa=Tau*(Sigqmahat2/S«x2".5 

4550 Uce=UstOpey(Slone* ose. 

aS@@ Untercpt=Tau*( Sigmanat 2# 3 .Q/NeuntXbar’ B/SxK 1)" S 


ip= Bese a eee ny 


INT USING "1X ,"“Uncertainty in €i:"",2 Sk, oD.2D,"" (pot yh '" sUciF i8e. 
4638 PRINT USING "14,""Uncertainty in Alpi*", ‘24K ,DD.2 D."" (pet * Ualpeta@./A 
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7Gi 


Urnce 


lp. - | 

464@ IF ifg=i THEN 

£652 Ets eer “5 

4669 -UeteEt+((Ualp/Alp )*2+(UalpgméAipsm)°Z)°.5 

BE7Q --*- EqeEt*¢(4.0/3.0) | 

458Q ".s Vege! . g33eUet eEt*(1./3.) 

4592 PRINT USING "4X "Uncertainty in Enhancement fconst flux d:"" 3X ,00.20,"°° 
oct )"""sUeo*i0G./Eq 

ATBG CaN USING “1X ,""Uncertainty in Enhancement (const DeiT):"" 3X ,oD.20,"" 
(oot ""yUet*100./Et ae | 

A719 END IF | r ss 

4729 PRINT . - | os : 

473@ PRINT USING "8% ,""Uncertainty ingertaint ty Uncertainty Uncertainty 
rtainty’’* 4 | : 

474Q PRINT USING “1@X,""Overall Outside insides Heat 

a eae | i . 

4759 PRINT USING “TEX ""H.7T.o. H.T WC. se oe Flux 





} oT 
tt | R ‘ ¢ oe: 

476@ PRINT. ! JoING he Gat (potas. Coot} (pot?) ine 
+ % : . , 


4752 | Calculate and orint the perseni uncartainties 
4800 § Tf. : - 

4219 HoayvgsG. a | 

4320 VUhoavg=G.. 

4938 FOR g=@ TO Nerun-i 

Ag4@ Tstaam=Array! 7,6) 

4859 Kew=Array( J 1? 

4a36@ Qo=Arrayv( d ,23 

4572 UotArcrayid ,33 

4369 Omeoa=Arrayi d ,4} 

4356 lomeqa=Array ld 3) - 
459% ‘UkweArray (J 5) 

491% Wuo=Acray la .F 7 

4922 Ugo=ArrayviJd ,3) 

452@ _ 

ASde HisKow/Di*¥CisOmeq 

4556 F24= eee 

496? P252ci/Ci - 

AS7@ P26=Unw/Kow: ms 

498@ | UhE=Hi*( P24°24+P25°2+P26%2)°.6 

4994 

5009 UTS ra 

SQiG Txf=Tsteam-Two 

5920 i Utstm*2+Utwo%2 3°.5 

502 | Teilm=(Tsteam+?2 .8*Two)/3.8 

SQ4G Utfilm=(Utstm*Z+4 .3eUtw 0*2)/3.9 

5@58 ° ‘Rneof=FNRrow! i _ . 
5059 KP=ENKwC TPilm eo. : <3 


FeENMuw( TP im) . 
ie at Tfilm)+.SS*ENCou( Btelm )*Tx# 
F°S*Z. Sl eHPgteRho hk ars MufsBrootetTxf 1 ano 
ye ee Film Utfilmi/kf _ 
ni CENUb EGC TEL m Ut? EEE SGI 89 +Tx F*eFNUp eile 


ise. 


mi}*2+¢.BS*FNCp 


3 
ww 
a 
ct 
“fa 
re 
}~4 


517a ae 
wi Tfiim p*eut 


xf 3029925 we. es . a rg: 
5128 ee = ° 
5136 PAizn2, B*eENUrho! Triim Utti Lm} /Rhof 
S143 Pape FNUmul TFiim, Uttilm)éMua 
5158 CPASHULe Pt / Tx FP 
575¢ Unaw=.25¢News ! PZS°2+P4Q*2eP41 2eRAr 2tP 43°20" .S 
5179 Ho=AipeNew 
Stee Uho=( CAL p*Unew )°24¢ New*Ualp 72 1°.8 
5158 Twoc=Tsteam-Gp/Ho © gas 
52909 Gtwocs(Utstm “9+(Uan/Ho Pe Go*Uno/ (Hota 20°. 


256 





5219 IF ABS{ i Twoe-Two)/Twoo)>.@@1 THEN 

S2a TWOF Tide. eo 

5258 Utmwo=ltuoc 

5242 -. SOTO 5Std 

5258 ENO £F ' 

5250: 3 

5278 PRINT, US ING "tx BO S(Gk FO. OG. ydat ues Ob/uc, hot l@/Ho Unisel@e@/Hi qs 
*100/Qpo Ute ttl @a/TxF | 

S280 NEXT g 

5299 END. 

5390 | | 

G319 ! 

S322 |! 

5320 ! 

5346 BEF PNHigf Tt} ae os 

S350 1: This function takes saturation temp degli af wavsr and returns latent 
S382 } heat of vanorization (J/kgl. 

S378 | . 

S38@: COM. /Hfg/ C53 

5388 Hfg=C1i 8) 

5460 FOR I=! TG 5 

5416 HFosHi ge TtOi dt) 

$428 NEXT Io! 

5438 WHfastfgsi .E+35 

S449 RETURN Hfg 

545@ FNEND 

54659 } 

5480 | 44 

549@ DEF FNMuw(T ) 

GS59G 1 This: function takes saturation temperature at water [deat] and returns 
SSi@ ! viscosity [kg/m-s]. | i 

552 ae 

5530 COM /Muw/ 268)». 

S549 Mu=02(0) 

5552 FOR .I=1 TO 8 

556¢@ Mu=MusTtCZ2i 2) 

SS72 NEXT I.. 

5589 MusMuti.e- 6 

SS4@ RETURN Mu: 

S634 ENEND 

SSG ¢ - 

5629 1. 

553 t 

S649 DEF FNCUnwit: ; 
5550 ! This function takes saturatio n tems of water CdegO] and returns 
Shea ! specific heat {3/kg~K! -* 

56 7e: 
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Rf 70° 5 
Co=CnxeTt0S< £) 
NEXT f 
E 


8 ee . 
‘i ‘ : . : * pre 5 : = _f ~ ot 
His funetion takes water temp [degC] and raturns density Roem oss 


| 
COM /Rhow/ CSU8) : 
RaelS4 @). - 
FOR I=1 TG 6 i . 
» Ro=Ro*T+C3{ F 
NEXT 2 | 
RETURN Ro’ | , & 
r NEND | | | 
EF FNPrwt TD. . | weg 
This function takes water temp [degli] and returns Prandti Number. 
oy ’ 
ru=FNCows T)eENMuws TO/FNK Wd Ee 
ETURN Pru tT . s ; 
NEND 


CT) : ‘ ce a 
Punction takes water temp (degh} and returns thermal conductivity 
icient [W/m-K]. oe. r 


COM /Kw/ C4tS) » 2 


NEXT I 
Kw=Kuej  E-3 
RETURN. Kw. 
FNEND 


a 
: 
me 


DEF. FNTanhi x > 
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i Thia function computes tha Rygerbolia tangent of 4 number. 


P=EXP( Xx } 
Q=EXP(~X } 
Tanh=(P-O3/(P+Q) 
RETURN Tank 
FNEND 


DEF FNTfriciVew? 
' This function takes coolant velocity m/s] and returns the incréase in 
| water temp [degC] due solely to frictional heating of the internal 
i-flow. This increase was determined oy surva. fitting the temp rise 
l. obtained by circulating coolant at velocities ranging from 1.7 to 4.3 
i m/s through tubes of 1.0.--12.14 to 13.3% -ma with HEATEX insert. 
| ; 
Toor=2. 48898 74E-B Vow’ 2-6. 646 7699E-44Ucurh . BAR ITE-4 
RETURN Toor oe 
FNEND | . 
A E - fyo gare 
’ a, 
: 
I 


DEF FNUmul T Ut) °c: 
|. This -function calculates the uncertainty in viscosity as a function of 
t the uncertainty in temperature and a: erect Paion arror of 
| ; aan > 
COM /Umu/ C9(7} | ge 
Umu=C3( 2 > - + 
FOR T={: TC 
UmusUmusT+094 2) 
NEXT f- 
UmusCiUmosligte. b 271.646 
RETURN Umu 
FNEND - 


DEF FNUrhotT AE, 22g 3 | j 
1 This. Rinek ion 4 calculates tha caceniernes in gdansit 
l uncertainty in temperature and 4 @.91-.kg/m°S preci 
} : ‘yas ~~ ae : : 
COM /Urho/ CBtS) cs 
Urho=CB6 {2} 
FOR I=1.70 5 
UrhostirhosTto6 (i). 
NEXT I. 
UrhoeUrnoelit. ai.” 
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RETURN Urho 


PNEND 


: loula! certainty in specific heat as a functio 
! This function salculates the uncertainty in specific neat es 4 Tuncrion 
ae 1 is . ; . ~“ + we, —~ ~ 1 7 —+ 7 booed 4 = ” 
{+ of the uncertainty in- temasrature ard 4 (.@ J/kg-K precision error. 
a 3 
COM /Uern/ CFC4> 


NEXT f 

UepsUon#ltti.d 

RETURN Ucp ? 
FNEND 


DEF FNUKGCT Ut 3 ee 
| This function calculates the uncertainty in water thermal conductivity 
' as a function of temperatucs and a @.tE-3 precision error, 


COM /Uk/ C804) 

Uk=05(2 > 

FOR [=i 70.4 | 
Uk=Uk*T+C8i 7) 


~NEXT «I : an 


~URSCUReUtr. bO/T ETS 


RETURN Uk 


This function. caleulates the uncertainty in Prand?ti number as a function 
b of temperature and a @.@i precision error. 
=a | Ee | 
COM. /Uer/. C {aay i Ce 


Uer=018(@) n= = 


-FOR f=! 76 


Ex ~ 
UprsUor*eUt+. Gi 
RETURN Upr 
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Uncertainty analysis done om file: SSMTUS 
ainty in coolant temperatures: 9.950 idegt? 
minty in steam temperature: 8.280 ideal: 
inty in tube thermal econductivity: 1,892 (li/m-kK } 
inty in flowmeter reading: Q.58@ (pet flaw: 
mtainty in Ci: » @3:02 Apes 
rtainty in Alp! 2,87. (pct) 
jo a SERRA 7” 
Uncertainty Uncertainty -Uncartainty - Uncertainty Uncertainty 
Overall Outsida  . Inside . Heat Film 
HTC HotiCe © SoH Ss Flux DeltaT 
(oot?) (peat) (pat) (oct) (set) 
2S: Pe ie ie a, 13.34 1.48 
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Uncertainty analysis done on file: 
Uneartainty in coolant temperatures: 
Uncertainty in ateam temperatures: 
Uncertainty in tube thermal eonductimity: 
incertainty in Plowmeter reading: : 
Uncertainty in @i: 
Uncertainty in Alp: 
Uncertainty in Enhancement (canst Plux 
Uncertainty in Enhancement (const Delt: 
Uncertainty Uncertainty Uncertainty 
Overail Quiside: Inside 
Hal sGe H.T.0; H.7.c. 
(pet) (pot) (pet) 
i 19.29 4.62. “3.41 
Pa 17.48 4.21 a 
3 15.33 3.35 5.1 
4 3.37 3.58 3,21 
S 11.43 Reo i S529 
5 9.45 Sec 3,45 
ae i,62 5.14 3.85 
g 7.55 230s 3.86 
g 9.55 S23 4-45 
10 11.58 5.58 3.44 
i- 15.68 3.58 S.Et 
V2 15.48 3.565 53.18 
13 17559 4.2% re ee 
i4 19.78 4,45 ce 
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@.2@@ (deat? 

1,022 (W/m-K 

2.50@ (pet Flow) 

$:@5 (pet? 

2.68 ‘(pet) 

4.85 (pct) 

3.19 (pet) 

Uncertainty Uncertainty 

Heat Fiim 
Flux BDeltat 
(got? (scot) 
11.@9 (2.35 
19.@5 {1.87 
§. 92 3.83 
Tet 8.82 
6.66 7.81 
5.59 6.94 
4.76 6.47 
AF 5.04 
5.65 7,93 
6.75 7.91 
7,88 eu83 
§.95 4,95 
i@.@S 17.@6 
{1.42 1t.91 
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Uncertainty analysis done on fils: S38V2 


Uncertainty in coolant temperatures: @.85@ (degli 
tincertainty in steam temperature: — @.202@ (dent) 
‘Uncertainty in tube thermal conductivity: 1.8@G (W/mK > 
Uncertainty in flowmeter reading: @.52@ (sect flow) 
Uncertainty in Ci: 2.89 (pet? 
Uncertainty in Alp: 1.87 (pet) 
Uncertainty in Enhancement (const flux )i 3.48 (pet) 
Uncertainty in Enhancement (const Delt}: 2.55 (pet) 


Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 


Overall Outside  Engige Heat Film 
Hotees . es ee HiT.C. - Fiux DelitaT 

(get) | (pet) (pet? (oct? (oct) 

1 2n1ee 4.78 2» 8B: 12 82 13.99 
Zz 29.09 4.32 2 ute hinge 12.4} 
3 Cisse 5445 2.83 12.12 1@.91 
4 16.22 Seats 2.87 8.81 S61 
5 [Zant 2.3 2.35 tao 8,09 
5 12.62 26: « 3.14 6.25 Pele 
7 g.26 2.45 5.53 5.18 5.28 
3 8.26 twos Se 5.1¢@ Zeit 
3 1@.54 2.63 3.44 6.2) 7,14 
12 12.9@ 2.98 2.96 7.58 ee 
14 15.29 3.29 2.3? S.o5 S.65 
tZ 17.56 3.74 2uet 12.45 19.98 
13 ec le~ e 4.38 2.78 11.50 12.35 
14 22128 5.8 2.75 12.87 hove72 
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Uncertainty ana 


Uncertainty in 
Uncertainty in 
Uncertainty in 
Unsertainty in 


Uncertainty in Ci: 3.e? boot) 
Uncertainty in Alp: 2,62 (pot 
Uncertainty in Enhancement (const flux?! 4.88 fact) 
Uncertainty in Enhancemant (comat Delt: 3.96 (pct) 
Uncertainty Uncertainty hacantarnty Uncertainty Uncertainty 
Overall Outside Inside , Heat Film 
Aiba ge ey Oe aoe we Oe Fiux Ueltat 
(pct } (oot) (net) “poet? (got) 
1 21265 5.565 3.62 12.82 135.75 
2 19.381 4.34 4.64 11.44 12.46 
5 17.45 4.24 3,67 1@.@9 14 .@9 
4 15.28 3.77 ey gi Bios 9.31 
5 12.96 3.42 Sits Cuae 86535 
6 1@.65 Sele ese Bil? 7.38 
7 8.36 3.62 4.22 B.16 §.53 
8 Bos 2.81 4.28 Sacha Pa So 
9 12.74 3.18 3.92 B.32 7.44 
1G 12.99 3.44 3.78 7.59 8.49 
11 iS.3t 3.77 3.7 8.87 9.83 
i2 lite 4.24 3.67 1@,25 11.25 
1S 29.18 4.8) 3,B4 11.681 12.6% 
14 £2543 5.6} 4.83 12,85 14,22 
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ant temperatures: 
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i —| 
nerm es cenductivity: 


$43V1 


Q@.85060 ‘degt? 
@.a@@ (degl?) 
1.980 (i/mn-n 3 
@.600 (net flow? 











Uncertainty analysis done on file: S48V2 
0.859 (degl) 


Uncertainty in coclant temperatures: 
3.268 (dead: 


Lane 
Uncertainty i am temperature: 


S78 =) 
Uncertainty in tube thermal conductivity: 1.008 (W/m-K? 
lincertainty in flowmeter reading: 2.506 (pct Fiow? 
Uncertainty in Cit 2.99 (pot) 
Uncertainty in Alp: 1.55 (pet? 
Uncertainty in Enhancemant (const flux: 3.88 (met) 
Uncertainty in Enhancemant (const DelT}: 2.3: (pet? 


Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 

Overall Outside Inside — Heat Film 
fet acs Het Ges H.T.¢. F hu» DeltaT 

(pet) (pet) (net? (pet) (pot) 

} 2 cord 4.949 2.19> i2.57 i3.49 
2 19.44 4.15 ane es {2.94 
3 17483 525% fa23 18.@2 12.89 
4 15.03 3.06 2.32 8.70 9,43 
5 {Za ¢e 2.8 2.435 7.40 B.14 
5 18.43 eat 2.65 5.14 6.37 
e, S32 2.2 3.186 5.13 6.2] 
g B.25 bee? 3.16 5.18 26 (8 
y 13.51 Baio 2.65 Said 7.23 
1@ 12.58 2.665 2.42 7.2% §.12 
1 15.07 3.86 2s Oo. 7o S.46 
12 eee) 3.56 PET km 16.@2 1@.79 
13 19,57 A.14 2.21 i{.31 12.12 
14 22.05 4.88 2.19 12,74 13.64 
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Uncertainty analysis done on file: $75V1 
Uncertainty in coolant temperatures: @.0@59 (deat) 
Uncertainty in steam temperature: G@.200 (degt? 
Uncertainty in tube thermal conductivity: 1.880 (W/m-K ) 
Uncertainty in flowmsier reading: 6.580 (pot flow? 
Uncertainty in Gi: 1.97% ‘(pet 
Uncertainty in Alp: beak: peta 
Uncertainty in Enhancement (const flux}: 2,95 (pot) 
Uncertainty in Enhancemant (const DelT): 2.28 (pet) 


Uncertainty Uncertainty Uneentainty Uncertainty Uncertainty 


Overall Outside Inside Heat Film 
Hotes, H.T.C. ihe bes Flux DeltaT 
(oct) (pet > (pot 2. (act) (pot? 
{ 24.41 5.59 s never 14.19 Si 
2 24.98 4.71 2.4 12,56 13.55 
3 13.28 3.91 2.14 | 11.14 11.96 
4 16.87 S.2¢ 2.21 | 9.65 18.37 
S 14.19 2.78 2.32 8.24 8.55 
6 11.56 2.42 2.55 6.54 7.62 
7 9.15 2.15 3.09 5.58 6.55 
g 9.18 2A2 3.08 5.68 6.42 
5 11.65 2.49 2.55 6.82 7.60 
19 {4,22 2.78 2.32 8.2 8.97 
11 16.82 3.2 2.24 9.73 1@.46 
12 15.35 3.91 2.414 11.18 11.99 
13 21.94 4.69 2,18 (287 13.62 
14 5.66 2.87 e27 15.42 


24,7} 
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Uncertainty analysis dona on file: S75V2 
Uncertainty in coclent temperatures: 8.052 (del) 
Uncertainty in steam temperature: 8.203 (deg?) 
Uncertainty in tube thermal conductivity: {.GOG (W/m-i) 
lincertainty in flowmeter reading! ®.586 (oct flow? 
tincertainty in Ci: Soa a:al (pet? 
Uncertainty in Alp: ‘7.58 <pet? 
Uncertainty in Enhancement (const Flux de - 3.12 (pot) 
Uncertainty in Enhancement (consi Delf): 2.54 (peor 


lincertainty Uncertainty Uncertainty Uncertainty Uncertainty 


Overall Outside Inside Heat Film 
H.T.C. H.T.C. iy a Flux Deltat 
(oct? (pct) (pet) (not) fect) 
25.47 1.64 .2,38 14.73 1.77 
2 22.59 5.05 2.33 13.05 14,90 
3 19.96 H.22 3 2.37 11.54 Vo 2a7 
4 (78) 3.53 P43 19.27 10.85 
5 14.69 2.98 2,54 8.47 9,22 
E 12.85 62.85 2,74 7. OG 7.87 
7 9.45 2.54 3.24 S.75 6.7 
8 S.46 ti72 3.24 5.75 2.69 
q 12.03 2.59 274 7.05 7.86 
10 14,68 2.98 2,54 8.52 2.27 
1! iTete 3.51 2.4% 4.94 12.74 
12 19.79 4.29 2.357 14.44 12.31 
13 22.57 5.02 2,33 13.04 13.96 
14 25.21 5.05 2,30 14,55 15.57 
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alysis done on file: S9EVI 


a) 


Uncertainty a 


Uncertainty in coolant temperatures: 8.@50 (degC? 
Uncertainty in steam temparature: @.202 (deoc?) 
Uncertainty in tube thermal conductivity: 1,AQ@ (Wim-K > 
Uncertainty in flowmeter reading: Cae 9,588 (net Flow) 


38 (pot) 
tpot) 

fei (pet? 
B88 (pct? 


Uncertainty in Ci: 

lincertainty in Alp: 

Uncertainty in Enhancement (const flux: - 
Uncertainty in Enhancement (const GelT): 


PK] fo} KA £5) 
Tad 
~ 


Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 


Overall Outside Insi8e — Heat Film 
ets. Het. HT. Flux Deltal 
{pct (pet). (pet) (net?) (pct) 
27.86 7.34 2.49 18.635 weer 
Zz 24225 5.82 5.42 14.81 1B250 
2S Zieas 4.98 3.45 12.45 13.00 
4 18.41 4.17 CE ae 12.65 laod 
= 15.89 3.59 S2a% Sige 1Qtl 
5 leace mo ee ard SelZ (38 8.56 
ae 12.18 225) 4.18 6.1¢ 7.26 
§ 78.18 2.88 4.18 5.15 7.19 
q 12.88 3.16 3.72 tee 8.48 
1@ - 15.96 3.58 i oad 10.14 
11 18.92 4.18 3.49 48,94 11.87 
12 21.83 4.51 3.45 iZ,51 13.68 
13 24.94 5.57 5.42 14.41 (S02 
14 22.00 7.05 3 17.48 


. 48 16.47 
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Uncertainty analysis done on file: S9SV2 


Uncertainty in ceclans temperatures: G.@58 (degC? 
Uncertainty in steam temperature: @.200 (deal? 
tincertainty in tube thermal conductivity: 1.038@ (W/m-k 
Uncertainty in flowmeter reading: 0.520 (pct. flow? 
Uncertainty in Ci: | 1.32 (pet 
Uncertainty in Ala: ,92 (pet) 
Uncertainty in Enhancement (const Flux 3? 225) ets 
Uncertainty in Enhancement (congt Gell): 7.956 (pat? 


Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 


Gverall Outside Inaide Heat Film 
Hates Hot. 3 Peer Fiux Celtat 
(aed (pct? Lpet) (pet) (pct) 
1 25.57 S<9s 1.47 14.82 15.89 
2 25.04 4,95 Keo 13.31 14.32 
S 29.29 4.01 las? fists Z.58 
4 17.54 Gece 1.66. 19.15 {@.85 
S 14.92 2.78 1.81 €.66 S25 
6 Lee 0. eyes ess Cola thot 
7 9.03 1.94 ee | . S.0 6.74 
a 9.58 Lee Zt 5.83 5.54 | 
se 12.20 2.4 2.95 GAS 7.a6 
1G 14573 2.68 1.31 8.59 3229 
i} 17.65 S520 t.G6 1@.21 18.31 
i2 20.33 4.03 1.57 his7s 12.55 
13 25408 4,88 bes faec2 14.13 
34 25.79 5.90 1.47 14.89 16.94 
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Uncertainty analysis done on fiie: -SiZevi 


lincertainty in coolant tamperatures: 9,258 (dagl? 
Uncertainty in steam temperature: @.288 (dego} 
lincertainty in tube thermal conductivity: 1.808 (W/m-k 2 
Uncertainty in flowmeter reading: 8.5803 inst flow) 


Uncertainty in Ci: fi 
Uncertainty in Aip: , 1. #2 
Uncertainty in Enhancement ‘const fluxi: 3.56 ‘(pet 
Uncertainty in Enhancement (const DelT): 2 


Uncertainty Uncertainty Uneertainty Uncertain nty Uncertainty 


; 
Overall Qutside Inside Hae st Film 
Hie lals Het a Gs HiT Gs Plux DeitaT 
(pet?) (pct) {pet} (pet) (pot) 
1 28.58 Tiot 2. 82 16.46 17284 
2 25.¢7 6.32 2.52 14.86 ig.t7 
3 Peers 5.92 Lena 13.16 14.22 
4 19.56 . 4,12 2. 9@ Vcd 12.19 
5 16.62 3.44 2.93 9.63 1G.44 
5 13.52 2.35 3.47 7.94 8.79 
7 1@,54 2.205 3.61 6.25 aot 
g 19.52 1.95 3.61 5.34 2.69 
g 13.51 2.94 SAG 7:09 8,73 
1@ 16.42 3.42 2,93 9,52 12.352 
14 13,42 4.@9 2. 9@) Vice 12,1@ 
{2 22044 aS 7 2.85 12.96 13.95 
13 25.46 €.1f Lede 14.78 15,58 
14 28.56 7.34 2.88 16,49 17.86 
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Uncertainty analysis done on file: $7 26V2 
Uncertainty in ceolant temperatures: A.@524 (deol? 
lincertainty in steam temperature: 2.208 (degl) 
Uncertainty in tube thermal conductivity: t.G@@e (iJ/m-K ) 
Uncertainty in flowmeter reading: 2.520 ‘act flow) 


Uncertainty in Ci: t,6% -Cpet) 
Uncertainty in Als: 1.18 (Cpet> 
Uncertainty in Enhancement (canst flux: Zeta 4ee0) 
Uncertainty in Enhancement (canst DelTis 2.%@5 (pct) 


Uncertainty Uncertainty Uncertainty Umeertainty Uncertainty 


Overall Outside Tnside Heat Film 
He Tos Htc. H.T.C. Flux GeltaT 

LoCt) {Hot} (pet > (set? (pct } 

i 27.55 s.96 1.78 15,91 17.18 
2 24.74 S.8? 1.82. 14.29 15.32 
3 22.97 4.61 1.87 12,75 13.68 
4 19.87 3.71 1.34 14.83 11.78 
5 18.98 2.98 2.27 5.33 10.91 
f 13.12 2.46 rae 7,86 8.36 
7 12.26 2441 2.88 6.15 7.08 
8 10.25 1.29 2.89 6.79 .2.65 
9 12.45 2087 2.35 7.69 8.393 
g 16.15 3.92 2.07 9.36 1@.a5 
18.93 3.69 1.94 12.99 11.74 
2 22.@5 4.53 1.87 12.74 13.85 
3 25.01 5.72 ¢.82 14.45 15.61 
4 28.80 6.94 1.78 16.47 [7 «42 


te ee ooh, 
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Uncertainty analysis done on file: 


8.850 | 


coolant temosratures: ) 
@.28¢@ (degl) 


steam temperature: 


Uncertainty in 
Uncertainty in 


Uncertainty in tube thermal conductivity: 1.908 (W/m-K ) 
Uncertainty in flowmeter reading? @.5@@ (pet flow) 
Uncertainty in Ci: 1.7@ (pet? 
Uncertainty in Alp: 1.81 (pet) 
Uncertainty in Enhancement (canst fluxet 2.87 (pet?) 
Uncertainty in Enhancement (const dell): 2,@4@ (pct? 





Uncertainty Uncertal 

Qverall Outside Inside Heat Film 

Ha t.C Pat toes MH, t.G, Pluie Deital 

foot} (oct) (pet) (pot) (pet) 
1: a et &.32 1.3}. 18.33 17.64 
Z 4.68 6.54 1:84 14.24 15.48 
3 2717 5.1 1,89 12,56 13.87 
4 18.61 3.97 1.97 19.77 11.59 
5 15.87 3.09 2.19 $228 9.88 
6 12,83 2.44 2.35 7.54 8.14 
7 18.85 2.83 2.91 5. a 6.82 
8 1@.23 Tare 2.91 6.27 2.32 
g 12.82 2.43 2.35 7,49 8.12 
10 15.63 3.97 2.10 9.18 aot 
11 12.60 3.96 1.37 10, ZE 11.57 
12 21.53 5.16 1.69 12.44 13,53 
i3 24.62 6.43 1.54 ja, 22 15.43 
i4 27.33 8.7 inet 16.81 17.92 
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Uncartainty analysis done on file: 


Uncertainty 
Uncertainty 


Uncertainty in 7 
Uncertainty in wmeter reading: 
Uncertainty in 
Uncertainty in 
Uncertainty in Enhancement (const flux}; 
Uncertainty in Enhancement ‘const GelTii: 
Uncertainty Uncertainty Uncertainty 
' Overall -Enside 
eee H.T.c. 
(net Coet? 


PI) bro 


BoM Sa QMajpmM mM & om — 


wt eel eh ad tt 


~Jt4i ~~ oO OM wah tn om gs -] 


in 
in 


~ OR & & -3 10 w a3 Ot OF Po na 
MMOINMMIN IA aN Mw 


lant temperatures: 
am temnerature: 
hermal conductivity: 
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rl 
Fi 


(fi 
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fi J tO 


‘12! Ta) 


Ra 
fo 


CWism~K ) 
(oet flow) 


(pot) 
(pot) 
ipeot) 
{pct} 


Umcertainty 


Heat 
Flux 
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Uncertainty 


Film 
Delitat 
(ect 3 


7,35 
19.27 
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Uncertainty analysis done on file: 
Uincertainty in coolant temgeratures: 
Uncertainty in steam temperature: 
Uncertainty in tube thermal conductivity: 
lincertainty in flowmetar reading: 
Uncertainty in Ci: Dog ends 
lincertainty in Alp: . MG 
Uncertainty in Enhancement (const Flux + 
Uncertainty in Enhancement ‘(const Delta: 
Uncertainty Uncertainty Uncertainty 
Overall Cutside -ingide 
BoTsG. Hs bets H.T.e. 
(pst) (pet) (pet) 
i Zoete $.@5 4.31 
Z 25.22 tale 4Ge 
o 22218 5.93 4.94 
4 18.5) 4.93 4,37 
=) 15.85 4,26 5.92 
B lence 3.82 5.135 
i 3.99 S252 5.4! 
g S00 3.82 5.4) 
9 f2.fi 5.79 5.13 
1@ 15.(6 4.25 5.82 
17 18.58 4,96 = 
12 Ziagt 6.82 4.94 
13 24.24 Tat 4,92 
14 Zt ee 8.94 4.91. 





$1425 


@. 950 
a. 28@ 
i. 622 
8.520 


tM — N de 
Pi wo fo 
afta -ay HM —] 


Uric 


(dege } 
(degl: 


(Ufmnt ) 

ipet flow? 

ipot? 

(pct? 

(met? 

(pct) 

eartainty Uncertainty 
Heat Film 

Flux Deltal 
<pct) (Het 
16.23 18.58 
14.57 16.04 
12.81 14,.2¢ 
18.94 12.85 

q.29 12. 3@ 

7.54 §.72 

6.@5 lace 

6.83 Zico 

7.44 3.95 

9,14 1@.24 
14.72 14.90 
pore a. 1octo 
14.00 15.84 
45.75 iveac 
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tincertainty amalysis 


a 


Uncertainty in coolant temperatures: Q.95@2@ (degC? 
Uncertainty in steam temperature: 0.480 (deg®) 
Uncertainty in tube thermal conductivity: 1.900 CWl/m-K? 
Uncertainty in flowmeter reading: %,50@ (pet flow: 
tnceartainty in Gi: S60 (oct? 
Uncertainty in Aip: 7 @.0%: (pet? 
Uncertainty in Enhancement iconat flux?: 2.94 (pet? 
Jncertainty in Enhancement (canst DeiT): 9 2.21 Sper? 


Uncertainty Uncertaiaty Uncertainty Uncertainty Uncertainty 


Overall Outside © Inside Heat Film 
al eg oe Soe eae ae On Flux Oeltat 

(oct) (pat) (pet? Cael) (pot) 

7.68 B77 3.49 4.45 5.87 
fi 5.87 3.39 3.58 4.22 S.33 
3 6.1 e.a! 3.53 3.57 4.78 
4 5.28 2.62 3.57 3.44 4.32 
5 4.57 2.43 3.64 2.82 4 at 
6 3.87 2.54 3.79 2.56 3.83 
7 3.52 eae 4.45 2c7A 4.95 
g 3.52 2,06 4.16 2.74 1.87 
g 3.87 2.54 3.79 2.56 3,83 
19 4.51 2,44 3.64 O99 3.98 
11 5.29 2.67 3.57 3.14 4.3) 
12 §.86 2.91 3.53 3.55 4.75 
13 6.87 3.36 3.50 3.99 5.36 
14 7.75 Sate 3.49 4.49 5.72 
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Uncertainty 


0.850 (degC) 


3 
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temperatures 


Uncertainty in steam temoearature 
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Uncertainty in Enhancement 
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Uncertainty 
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LSet) 
Gaal 
B.2f 
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temperatures: 
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Uncertainty analysis done on file: S282 

q* 
incertainty in coclant temperatures: G.858 (deal? 
Uncertainty in steam temperature: . 0,488 (deal) 
Uncertainty in tube thermal conductivity: 1.208 (W/m-k? 
Uncertainty in flowmeter reading: - @.528 (oct flow) 
Uncertainty in Ci: 4.7@ (pet: 
Uncertainty in Aip: ; 3.09 (pov: 
Uncertainty in Enhancement (const flux s! 4.5@ (pct? 
Uncertainty in Enhancement (const Delt): Sere (pet 


2877 


Uncertainty Uncertainty Uncertainty tIncertainty Uncertainty 

Overall Outside Inside Heat Film 
ied vio BiolsGe 3 WOT, Flux Deitat 

{oct > (not?) ¢pot) (pet? (pot) 

1 tae | 5.09 4,15 4.12 6.42 
2 6.45 3.93 oN7 3.76 5.6! 
5 5.73 3.7@ 4.193 3.95 S.22 
4 5.03 3.54 22 2.99 4.91 
S 4.36 3.44 4.26 2.53 4,74 
6 3.75 3.38 4.41 2.58 4.62 
a 3.47 Sao 7 4,74 2a 4.86 
8 3.46 But A. 74 2.73 4,84 
g 3.75 3506s 4,4} 2.58 4.62 
1@ A572 3.44 4.28 2.66 4,68 
1 5.02 3.54 4.22 2.38 4.89 
12 5.68 3.7] 4.19 3.83 5.19 
13 6.47 3.96 4,17 arr ae 5.52 
+4 Tene 4.2} 4.15 A139 B.S 





Uncertainty analysis done on file: S23hs 
Uncertainty in coolant temperatures: @.@5a (degC? 
tincertainty in steam temperature: @.420 (degc? 
Uncertainty in tube thermal coriductivity: 1.882 (Wem-K 3 
Uncertainty in flowmeter reading: @.50@ toct flow) 
Uncertainty in ci: 5.223 (pct? 
Uncertainty in Alp: 2.57 (pet) 
Uncertainty in Enhancement ‘const Flux?: 3.39 (pet? 
Uncertainty in Enhancement ‘conat Heidi: 2,54 (pet) 
Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty, 
Overall Hutside .Inside Heat Fiim 
H.T.C. Hid eG Hot. OG. Flux Geltatl 
(oot? pet (act ?. (pet (pct? 
1 (owe 3.44 3.5% 4.21 5.49 
Z 6.53 Coe 2 Se 3.80 5.16 
2 5.77 Cant S208 Sac 4,74 
4 5.68 2.87 3443 2:39 4.353 
2 4,34 Ze! cee Zoo 4.16 
6 3.74 2.65 3.86 2.49 4.98 
7 3.46 2.65 4,@5 eae 4.36 
8 3.46 2.43 4.85 eg | Zets 
9 3.74 2255 3,86 2.49 4.@5 
1a 4.33 Ee ie Sys! 2.66 - 4.15 
13 5.@1 2.31 3.43 2600 4.38 
iz 5.72 fel Zia 3.25 ea fe 
1Z 5.49 3.20 3,36 5,78 5.13 
4 Teed Ssa0 3.35 4.19 5.62 
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Uncertainty analysis done on file: SS55A1 
Uncertainty in coolant temperatures: M.@58 (degC? 
a t a sa * 
Uncertainty in steam temperature: @.49@ (deg) 
¥ z 
Uncertainty in tube thermal conductivity: 1.880 (W/mK? 
Uncertainty in flowmater rsading: 2.500 (pet Flow? 
rf ‘ : 
Uncertainty in Ci: om OSB tC pot? 
Uncertainty in Alp: on 1.82 (pet) 
1} bow 4, oer - hy = 1 : (ec ne ej ee a Fas} BG / +t } 
uncertainty in Enhancement (const flux?: Z.e8 (pot? 
Uncertainty in Enhancement (const DelT:: 2.82 (pet) 


Uncertainty Uncertainty: Uncertainty Uncertainty Uncertainty 


Overall Gutside - Inside “Heat Film 
Hat eG HIT.C; Hs 1<eGe rilux | Deltaft 
(oct) (net? (oet} (pet > (pot 
} 2.28 3,44 2.05: : -4,75 5.3) 
2 7.29 S205 2aat 4,23 Sor 
5 6.43 2.65 3.88 a.t6 4,81 
4 5.58 Leos 5.84 3. 3G 4.34 
5 A793 Dae Seto Ee92 4.82 
6 4.86 2.13 3.358 2.65 3.82 
ff 3.65 ame See Zero 4,94 
5 2.65 1.57 es Cale 2. @} 
3 4.07 Z2uts 53,38 2.66 3.83 
19 4.2/5 Zude Re re ade 4,92 
1 °-§.55 Cao 3.04 3.29 Aide 
t2 5.42 2.65 3.9 5.94 4.79 
1S 7.32 4.84 Cucl 4.24 5.46 
14 2.5 Oeod Zia 472 5.99 
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Uncertainty analysis dene on file: SS8AZ 
Uncertainty in coclant temperatures: 8.254 idagti 
Uncertainty in steam temperature: G48 (degt?> 
Uncertainty in tube thermal conductivity: 1.082 (W/m-K } 
Uncertainty in flowmeter reading: | 2.508 (pet Flow) 
Uncertainty in Ci: [.@4 (pew 
Uncertainty in Alp: isi, . Axel. tock? 
Uncertainty in Enhancement {canst flux? 2705 (pet? 
Uncertainty in Enhancement (const Dell): 1.62 (pets 
Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 
Overail Gutside Inside Meat Fiim 
ig wes H.T.C, Heiss Flux Deltat 
(peat? {oct} (pct - (pet) ‘pot > 
| Fore he, 2.ai- {.%4 4,63 5.44 
a 7.18 2.44 hoe 4.%7 5.82 
3 6.34 2.68 2.82 4.71 4.49 
4 5.52 1.82 2,0d . 3.265 4.04 
5 se ge 1.66 2.8! z2.88 Sut! 
5 4.03 1.58 2.45 2.64 3.56 
7 3.64 Pag 2693 2.¢9 5.82 
¢ 3.54 t.$7 eeaa 2.43 Sala 
G 4.04 1.$8 2.45 2.64 4.57 
1@ 4.74 1.66 oak 2.89 B.72 
11 5.5! 1,82 2.89 3,26 4.04 
12 6.36 2.06 2.82 Site 4.58 
13 7.19 2.42 1.97 4.18 5.92 
14 8.69 2aio 1.94 A,&9 5.49 
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, | on: By 5 ees 
Uncertainty amalivsis done on file: 54gA1 


ei) 


Uncertainty in coolant temperatures: @.250 (degC) 
Uncertainty in steam temperature: . @.400 (degt} 
Uncertainty in tube thermal conductivity: 1.302 (W/m-k 7 
Uncertainty in flowmeter reading: A.58@ (pct Flow? 


Uncertainty in Ci: 2.69 (pet) 
lincertainty in Alo: 1.78 ‘pet>- 
lincertainty in Enhancement (const flux? 2.87 (poi) 
Uncertainty in Enhancement (const DelT?: 2.@0 {pct} 


Uncertainty Uncertainty Ungertainty Uneertainty Uncertainty 


Overall Guiside .. [Tngide Heat Film 
H,t.€¢% HTC, Heb .e F lux Deltel 
{set} (net) {ect? 4 (pet?) (pet) 
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Uncertainty analysis done on file: b4A8AL 
Uncertainty in coolant temoeratures: $.952 (degt > 
Uncertainty in steam temperature: ®.44@ Cdegl) 
Uncertainty in tube thermal conductivity: 1,@6@ (W/m-k } 
Uncertainty in flowmeter reading: 2.802 {oct flow) 
Uncertainty in Gi: 2.04 (pet> 
Uncertainty in Alp: 1.42 (pet? 
Uncertainty in Enhancement (censt flux: Q.e3. (pet? 
Uncertainty in Enhancement (const DelTo: i.64 (pet) 


Uncertainty Uneertainty Uncertainty Ungertainty Uncertainty 


Overall Outside Inside Heat Film 
HL.F.C. H.t.G. Halwa Fiux DeltaT 

(oct) ‘oot } (pot? (pact: (pot) 

f 1535 2.98 2.13 4.55 5.42 
2 7.82 2.58 2.16 4,98 4.91 
3 B.21 Pape 2.20 S165 4,49 
4 5.44 }.88 Zia Sane 4,83 
5 4.66 1.83 2-38 2.85 Si 10 
G 4.09 1.76 2,88 2.62 3.64 
4 3.61 1.77 Sete ; Cate 3.90 
g Sco2 jot pole 2.99 Zit 
3 3.98 1.75 2.62 2.6% S.a5 
1@ 4,69 1.83 2208 2.86 Sate 
11 5.41 1.97 2.27 3.2) 4.26 
i2 6.24 2.28 2.28 3.65 4.56 
13 7.27 2.86 2.16 aa | 5.9} 
14 7093 Zit Leto 4 5.46 
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Uncertainty analysis done en file: STSAI 


Uncertainty in coolant temperatures: 8.250 (deagl) 
Uncertainty in steam temperature: 2.489 idegl } 
Uncertainty in tube thermal conductivity: 1.0208 (wW/m-K > 
Uncertainty in flowmeter reading: 2.508 ¢pet flow, 
Uncertainty in Ci: | 2.44. (oot) 
Uncertainty in Alp: 1.6% ‘“poetd. 
Uncertainty in Enhancement (const fluxs: 24h (peti 
Uncertainty in Enhancement (const Delt): 1,86 (pet? 
lincertainty Uncertainty Uncertainty Uncertainty Uncertainty 
Overall Gutside ° ‘ Faside . Heat Film 
A Tas H.T.€. TG: PRUuS Deltat 
ipet) (not? (pet > épat? (oct? 
} &.53 5.432 2,62 4.87 Sea 
2 7.68 oma | 2" 2.55 4,46 5.42 
z Bate 2.59 2,58 3.95 4.92 
4 5.388 Zon! 2.64 4.48 4,42 
5 5.18 2.7 2.74 5.88 4,26 
=) 4.39 1.34 2.90 2.04 3.84 
7 5.8 1.95 3.4 2,86 4,92 
a 3.81 1.69 3.48 2.86 2,04 
=) 4,31 i297 fies te 2.78 $189 
1 5.09. 2.87 2.74 3.08 4.06 
14 5.92 2,26 2.64 3.48 4.41 
{2 6.79 2,56 2.53 $2.06 4.92 
13 land 3.81 2,65 4,48 5.53 
14 §.62 3.65 Exod 4,98 Siee 
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¢ EVLA? 
Uncertainty analysis dene on file S75A2 
: é AEA fF Qn 
Uncertainty in coolant temperatures: 9.052 (cdeg?? 
Uncertainty in steam temperature: 9.408 degl 
Uncertainty in tube thermal conductivity: 1,662 (Wim- 
es adina: ag (oc 
lincertainty in flowmeter reading: @.56@8 (pct 
“y bar id ‘ 
Uncertainty in Gi: tee Apes 
< $ 4 
Uncertainty in Alp: , i. 5 ae 
Uncertainty in Enhancement (consi flus si 2,56 iper! 
ry v m + 
Uncertainty in Enhancement (const Delt): 1.7% pet) 
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Uncertainty ana 


Unecartainty in 
Uncertainty in 
Uncertainty in 
Uncertainty in 





Uncertainty in 
Uncertainty in 
Uncertainty in 
Uncertainty in 

Uncertai 

Overal 

ee ee 

(pet 

| 8.78 
? 7.8 
3 S.4 
4 S.2 
5 a4 
5 4,4 
7 S65 
3 3.8 
3 4.35 
1@. 5.4 
ti 6.8 
12 Ded 
13 7.8 
14 Sat 


~}J OG} f3 Peo O08 ~2 -] Sip — 


coolant temperatures: 
steam tamperature: 


tube thermal conductivity: 


flowmeter reading: 


nty Uncertainty 
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A498 (degt? 

1.028 (W/m-K) 

@.5@@ (pet fiow? 

2,98 ‘{nct) 

2,98 (pov) 

27,83 (oct? 

220. Loet? 

Uncertainty Uncertainty 

Heat Film 
Fiux Deitat 
(pet? (pot) 
S. ; 
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Uncertainty analysis done om file: S95A2Z 

Uncertainty in coolant temperatures: @.958 (degC } 
Uncertainty in steam temperature: . 0.493 (degC) 
Uncertainty in tube thermal conductivity: 1,002 (W/m-K ) 
Uncertainty in flowmeter reading: @.50@ (pet flow?) - 
Uncertainty in Cis 1.98 (pct 
Uncertainty in Alp: ; ie3t <pet? 
Uncertainty in Enhancement (comst flux}: 2.13 pet) 
Uncertainty in Enhancement (const Malt): i.6@ (pct? 


Uncertainty Uncertainty Imeertainty Uncertainty Uncertainty 


Overall Outside inside Heat Film 
oan ae H.T.C. Ht .e; -  Fiux DeltatT 
(pet) {pct) (pot) (pet) «© (862) 
{ 8.54 3.23 2,80 4.94 5.85 
2 7.83 2571 2.93 4.42 5.25 
3 5.72 2.32 2,87 3,92 4.77 
4 5.84 2.20 2.14 3.45 4.25 
5 5.02 1.79 2.26 3.84 3.88 
6 4.28 1.69. 2.49 aS i | 3.78 
7 3.81 1.69 3.83 2.86 3.92 
8 3,81 1.41 3.03 2.86 «2,88 
g 4,29 1.69 2.49 2277 3.71 
10 5.07 1.79 2.26 3.07 3.9% 
11 5.eag 1.98 2.14 3.47 4.28 
12 5.79 2.29 2.97 3.96 4.79 
13 7.69 2.74 2.03 4.47. 5.39 
14 8.60 3.37 2.82 4,98 6 .@8 
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Uncertainty 


Uncertainty 
Uncertainty 
Uncertainty 
Uncertainty 


Uncertainty 
Uncertainty 
Uncertainty 
Uncertainty 


analysis done on file: 


in 
in 
in 
in 


in 
in 
in 
in 


coolant temperatures: 
steam temperature: 

tube thermal conductivity: 
fiowmeter reading: 


Cis 

Aigo: 

Enhancement (const flux): 
Enhancement (const Dealt): 


Uncertainty Uncertainty Uneartainty 


Overall Cutside Inside 
H.T.C. H.T.C. H.T,.C. 
(pot } (oct } (pct) 
§.32 4.39 1.77 
2 8.23 3.38 1.8) 
3 7.33 2.56 1,86 
4 6.42 2.05 1.93 
=) 5.46 1.73 2.87 
§ 4.62 1.56 2.32 
a 4.03 1.53 2.89 
& 4,03 1.59 2.89 
9 4.64 1,56 2.32 
12 . 5.48 kevZ 2.97 
11 6.44 2.04 1.93 
12 7.42 2.51 1.86 
13 6.41 3.20 1.84 
14 9,45 4.18 1.76 
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2ofi2 


.853 (degC) 
.492 (degt> 
.O62 (W/m-K > 
2580 (pet flow) 


66 (pet? 
39 (pct) 
.9%@ (pet) 
45 <4pet? 
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Uncertainty analysis done on file: * 4 Si4ZAS 
Uncertainty in coolant temperatures: @.250 (degC) 
Uncertainty in steam temperature: : @.482 (deg) 
Uncertainty in tube thermal conductivity: 1.208 (hiim-K > 
Uncertainty in Plowmeter reading: a @.5@0 (pat flow) 
Uncertainty in Enhancement (const flux: 2. (pct) 
Uncertainty in Enhancement (const Dell). i (oct) 


Uncertainty Uncertainty Uncartainty Uncertainty Uncertainty 


Overall Outside . Inside | Heat Film 
BTC. see oe H.7.0. Flux DeltaT 

(pet?) (pet) (Act? (pet?) (pet) 

{ 9.34 4,84 2.94 5.4} 6.57 
2 8.33 4,16 2.20 4.85 6.26 
5 7.48 3.86 EA A,S} 5.38 
4 6.40 2.49 2.435 3.77 4,65 
5 5.45 2.88 2.54 3.28 4.1] 
5 4.59 1.79 2.75 2.935 Paras: 
4 3.98 1.73 S24 2.94 3.87 
8 3.98 1,AG 3.24 2.94 1,82 
g 4,56 1.7 Zatd Zane Sete 
12 Eads 2.8¢ 2.54 3.27 4.19 
11 6.42 Ara 2s45 4.78 4,64 
12 tase 3,01 Ciot 4.3] 5.33 
13 8.44 3.94 2.85 4.99 6.22 
14 9.36 6.44 2.53 5.42 7.287 


Uncertainty in Ci: . eeee “OCts 
Uncertainty in Aip: | 1.32 (pet) 
1S 
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